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vABSTRACT 
 Forensic engineering is the application of engineering science to the 
investigation of failure or performance problem.  This field of engineering has a 
big potential in Malaysia as more expertise is required to carry out forensic 
engineering investigation on failed civil infrastructure.  This study involves 
detailed analysis of methodologies for forensic investigation from four case 
studies representing different types of structural forms and causes of failure.  In 
order to analyse the case studies, the objectives of investigation of each case study 
had been derived.  In addition, detailed analysis of the failure hypothesis, 
investigation approaches, causes of failure, modes of failure and application of 
engineering mechanics that explained the failure mechanism for each case study 
had also been carried out.  The case studies have demonstrated that, although 
some specific aspects in the methodology may differ from one case to another, the 
basic element of the methodology remain the same for all cases and it also showed 
how the selection of appropriate testing methods and analytical techniques can 
help to confirm the finding and verify the failure hypothesis.  The result in terms 
of comparison between case studies with their different unique features, testing 
techniques, analytical methods and engineering mechanics are presented in this 
study.  Finally, based on the understanding and analyses of the different features 
of the case studies, a general guideline of methodology of forensic engineering 
investigation is proposed.  This general methodology is applicable to all forensic 
engineering investigation to implement best practices in the conduct of forensic 
engineering investigation, but the specific activities will differ depending on the 
nature of the problem.  Based on the general guideline, the investigators will 
know the general procedure of the investigation activities involved in the forensic 
structural investigation. 
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ABSTRAK 
 Kejuruteraan forensik merupakan penggunaan ilmu pengetahuan 
kejuruteraan untuk menyiasatkan kegagalan atau masalah prestasi sesuatu struktur.  
Bidang kejuruteraan ini mempunyai potensi yang tinggi di Malaysia 
memandangkan semakin banyak kepakaran digunakan untuk manjalankan 
penyiasatan kejuruteraan forensik pada civil infrastruktur.  Kajian ini melibatkan 
dengan manganalisis methodologi penyiasatan forensik pada empat kes yang 
setiap kesnya menggambarkan perbezaan dari segi bentuk struktur dan sebab 
kegagalan.  Untuk menganalisis kes-kes tersebut, objektif penyiasatan untuk 
setiap kes telah dibentukkan, proses penganalisisan yang dijalankan menfokuskan 
kepada hipotesis kegagalan, cara penyiasatan, sebab kegagalan, gaya kegagalan 
dan penggunaan mekanik kejuruteraan yang menjelaskan mekanisme kegagalan.  
Kes-kes yang disiasatkan menunjukkan bahawa walaupun setiap kes mempunyai 
aspek yang khusus dalam methodologi penyaisatan tetapi asas unsurnya bagi 
semua kes kekal sama, di samping itu, kes-kes tersebut juga menunjukkan 
bagaimana memilih cara ujikaji dan keadah analitis yang sesuai untuk 
membuktikan hipotesis kegagalan.  Keputusan dalam perbandingan perbezaan 
ciri-ciri, cara ujikaji, kaedah analitis dan mekanik kejuruteraan bagi setiap kes 
ditunjukkan.  Akhirnya, dengan kefahaman dan hasil penganalisisan terhadap 
kes-kes, satu garis panduan umum bagi penyiasatan kejuruteraan forensik 
diterbitkan.  Garis panduan umum ini sesuai digunakan dalam semua 
penyiasatan kejuruteraan forensik dengan tujuan untuk melaksanakan amalan 
terbaik dalam penyiasatan kejuruteraan forensik.  Dengan merujuk kepada garis 
panduan umum ini, ahli penyiasat akan tahu prosedur umum bagi aktiviti siasatan 
yang terlibat dalam penyiasatan kejuruteraan forensik. 
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CHAPTER 1 
INTRODUCTION
1.1  Introduction 
Forensic engineering is the application of the engineering sciences to the 
investigation of failures or performance problems.  It is a highly specialized field of 
engineering practice requiring engineering expertise and knowledge of legal procedures. 
Forensic structural/civil engineers perform “autopsies” on components or full-sized 
buildings, bridges, and other engineered constructed facilities/infrastructure in order to 
determine the cause and extent of failure.  A secondary purpose is to determine methods 
of repair, rehabilitation or replacement. 
From an engineering perspective, forensic engineering deals with the 
investigation and reconstruction of failures in buildings, structures, facilities, vehicles, 
and other engineered systems.  From a legal perspective, forensic engineering is a fact-
finding mission to learn the most probable cause or causes of a failure. 
In order for the forensic engineers to intelligently investigate the cause of a 
failure and subsequently to identify the parties responsible for it, they have to have an 
understanding of not only loads, strength and stability, but also of the business and 
practice of design and construction in order to know where, when, how, why and by 
whom a cause of failure can originate.  They have to know, of course, how to conduct 
2the investigation appropriate to the case; they must be very familiar to investigation 
approach.  Since nearly all structural deficiencies and failures create claims, disputes, 
and legal entanglements, forensic engineers need to have some familiarity with the 
relevant legal process and need to know how to work effectively with attorneys. 
Complete familiarity with the nature and consequences of loads, and of the critical 
characteristics and vulnerabilities of structures of different types and materials is the 
most basic requirement.
1.2  Research significance 
Forensic Engineering is a specialised discipline which is relatively new and 
unfamiliar field to the public.  Recently there is increasing number of structural failures 
which involved forensic investigation to assist legal proceedings related to litigation and 
damage.  This field of engineering has a big potential in Malaysia as more expertise is 
required to carry out forensic engineering investigation on failed civil infrastructural. 
 There is a need to carry out studies on: 
1)  Best practices in methodologies for conducting forensic engineering 
 investigation. 
2)  Analysis of case studies on structural failure case studies with engineering 
 significance 
3)  Development and practice of guideline for forensic engineering investigation. 
31.3  Scope and objectives of study 
The study will involve analysis of four case studies on selected buildings which 
represent different types of structural forms and also different causes of failure.  The 
study will focus on the methodologies and the applications of engineering mechanics 
involved in forensic engineering investigation. 
 The objectives of the study are: 
a)  To compare the forensic investigation methodologies of various failure cases. 
b)  To evaluate the application of engineering mechanics in forensic structural 
 investigation. 
c)  To propose a general guideline on forensic structural investigation failure. 
1.4  Methodology 
Methodology of this study involves the following stages: 
1) Identifying suitable case studies
 Selection of suitable case studies covering variety of structures and forms of 
 failures. 
2) Analysis of selected cases studies
 Analysis on the causes of failure, types of failure, modes of failure, approach on 
 how  the investigation are carried out and what the equipment are used in 
 investigation. 
3) Comparison of methodologies 
 Compare each selected cases study on its own methodologies of investigation. 
44) Evaluate the use of engineering mechanics
 Analyse the application of engineering mechanics to solve failure problems.  
5) Propose a general guideline
 A general guideline is obtained as outcome.
1.5 Content of the study 
 The dissertation is divided into 4 chapters as follow: 
1) Chapter 1: Introduction – State out the background of the research, the objectives 
 and the significance of carrying out the research. 
2) Chapter 2: Literature Review – Introduction to forensic engineering and other 
 literature study relevant to the study. 
3) Chapter 3: Case Studies – Detailed analysis of the four selected case studies in 
 order to understand their methodology of forensic engineering investigation, 
 causes of failure, modes of failure and application of engineering mechanics to 
 explain the failure mechanism.  
4)  Chapter 4: Analysis of Case Studies and Discussion – Comparison of the  result 
 of the case studies in terms of their methodology of forensic engineering 
 investigation, testing techniques, analytical methods and application of 
 engineering  mechanics. A general guideline as an outcome is obtained. 
5) Chapter 5: General Guideline on Structural Forensic Investigation – Detailed 
 explanation about the general procedures of the activities involved in the 
 structural forensic investigation. 
CHAPTER 2 
LITERATURE REVIEW 
2.1  Definition of Forensic Engineering 
  The forensic engineer is a professional engineer who deals with the 
engineering aspects of legal problems.  Activities associated with forensic 
engineering include determination of the physical or technical causes of accidents or 
failure, preparation of reports, and presentation of testimony or advisory opinions that 
assist in resolution of related disputes.  The forensic engineers are will be asked to 
render an opinion regarding responsibility for the accident of failure. 
   Milton F. Lunch, former General Counsel to the National Society of 
Professional Engineers (NSPE), has provided the following comprehensive definition 
of forensic engineering: 
Forensic Engineering is the application of the art and science 
of engineering in the jurisprudence system, requiring the 
services of legally qualified professional engineers. Forensic 
engineering may include investigation of the physical causes 
of accidents and other sources of claims and litigation, 
preparation of engineering reports, testimony at hearings and 
trials in administrative or judicial proceedings, and the 
rendition of advisory opinions to assist the resolution of 
disputes affecting life or property. 
6  A condensed definition is given by Marvin M. Specter, founding President of 
the National Academy of Forensic Engineers (NAFE): 
Forensic Engineering is the art and science of professional 
practice of those qualified to serve as engineering experts in 
matters before courts of law or in arbitration proceedings. 
[Specter 1987] 
2.1.1 Goals of Forensic Engineering Investigation 
  The General goals of a forensic engineering investigation are: 
1) To determine Causes of failure (most commonly desired information.) 
2) To compare statement by witnesses or injured parties with physical evidence. 
3) To ascertain whether an illegal or improper activity was causative. 
4) To assess damage to materials, products or structures and evaluate repair 
estimate. 
2.1.2 Qualification of Forensic Engineer
The specific technical skills required of the forensic engineer vary with the 
discipline. Some general personal and professional characteristics, however, are 
prerequisites for successful forensic practice. 
2.1.2.1 Technical Competency 
The forensic engineer must have demonstrated competency in his specialized 
engineering discipline.  Competency is the result of education and experience.  A 
7Professional Engineering license is desirable to qualify for courtroom testimony as a 
forensic engineer.  The forensic engineer who has an extensive professional 
background, with many years of successful engineering practice, is likely to be more 
effective in courtroom testimony.  Engineers with less experience may be more com-
fortable and effective as members of the investigative support team.  Active 
membership in appropriate professional societies also contributes to the credibility of 
an expert witness.  Significant professional society activity generally indicates that 
the forensic engineer enjoys the respect of peers in the profession. 
2.1.2.2 Knowledge of Legal Procedures 
The forensic engineer must have a working knowledge of legal procedures 
and the related vocabulary.  The vocabulary used in litigation is quite specific.  The 
forensic engineer who is not familiar with this language can do irreparable damage to 
an otherwise sound presentation. Likewise, written communications or reports, if 
prepared or released at an inappropriate time, can inadvertently affect litigation. 
2.1.2.3 Detective Skills 
The forensic engineer, acting as investigator, must possess certain detective 
skills.  Diligence must be exercised in collecting pertinent facts from the field and 
from documents.  Much of the investigation involves interpretation of the data 
collected.  During the analysis, the investigator must separate contributing factors 
from irrelevant items.  Data will always be incomplete and, in some cases, redundant. 
Redundant evidence is always helpful as it allows the forensic engineer to cross-check 
conclusions. Sometimes conflicts exist in redundant data that must be resolved. 
8Part of the detective work is research into design standards and material 
properties in existence at the time the failed product or project was created.  In this 
sense, the forensic engineer acts as historian.  The failure must be analyzed from the 
perspective of technical knowledge and professional procedures in a context that 
might have been much different from present practice or the investigators own design 
standards. 
2.1.2.4 Oral and Written Communication 
The forensic engineer must be an effective communicator, both in oral and in 
written presentations.  The forensic engineer may perform as an educator, explaining 
complex technical issues in language that is understandable to laypersons with no 
technical background.  The ability to use simple examples and clear language to 
illustrate complex phenomena is essential, and improves the credibility of the witness. 
A written report is usually produced after a forensic investigation.  The 
report becomes the tangible record of the investigation.  The quality of the report 
reflects on the competency of the investigator.  Reports usually detail the 
conclusions of the investigation and include references to all relevant supporting data. 
2.1.2.5 Personality Characteristic 
The most important characteristic for competent forensic engineering is high 
ethical standards.  The forensic engineer is in a position to influence adversely the 
professional and personal reputations of all involved parties.  This position of 
influence must not be taken lightly.  The forensic engineer must be able to maintain 
objectivity and impartiality in seeking truth, in the face of constant pressures to take 
an emotional or advocacy position.  The forensic engineer should have the ability to 
9work effectively with others.  Sometimes the forensic engineer is the coordinator of 
a team of investigators, for the purpose to get the carry the right investigation, the 
team work are very important. 
2.2  Definition of Failure 
Failures can be defined as catastrophic structural collapses, however, failure 
which are less than catastrophic, or life threatening, are described differently.  The 
following paragraphs provide a variety of different definitions that are used in current 
literature.
The term “structural failure” has many different meanings.  According to 
the American Heritage Dictionary, a “failure” is defined as a condition, or a fact, of 
not achieving the desired end or ends, while “structural” refers to “something built, 
such as a building or a bridge” (American Heritage Dictionary of the English 
Language, 1992).  Other current literature provides additional definitions for 
structural failures. 
According to Jack Janney (1986), the structural failure can divided into: 
a) Structural Distress - an impairment of the strength or load response of a 
structure which may limit its use as intended. 
b) Structural Failure - the reduction of the capability of a structural system 
or component to such a degree that it cannot safely serve its intended 
purpose.
c) Structural Collapse - Gross movement of major members or a significant 
portion of a structural system manifested by the creation of rubble from 
10
breakage of the members themselves and elements supported by 
themselves. 
Janney adds that the term "structural failure" may also be used as a generic 
definition to indicate a problem situation without specifically identifying the level, as 
defined above.  
Gerald Leonards (1992) defines “failure” as an unacceptable difference 
between expected and observed performance. This definition can be used to describe 
a catastrophic failures as well as minor failures such as roof leaks. Kenneth Carper 
also reported that the ASCE Technical Council on Forensic Engineering has adopted 
the definition provided by Leonard (Carper, 1996). 
2.2.1 Causes of Structural Failures 
There usually are multiple causes that contribute to structural failures.  Glen 
Bell (1985) discussed the types and levels of failure information that are required and 
how the data should be disseminated. Bell mentioned that information on sources of 
failures is required before attorneys and forensic engineers can adequately address 
cases of failures.  Bell divides the causes of failures into two major categories: 
technical and procedural. 
Technical causes are those that are actual physical proximate causes.  For 
example, improper compaction of soil could lead to excessive settlement of a 
foundation.  Procedural causes are related to human errors and include things such as 
communication problems or shortcomings in the design and construction process that 
cause physical failures to occur.  One example of this would be when a contractor 
11
places the top reinforcing steel too low in a slab.  Another example of a procedural 
error would be when a testing laboratory fails to check the compaction of the soil 
(Bell, 1985). 
Charles Thornton(1985), claims that failures can be classified into three 
categories: safety , functional, and ancillary. Causes of failures fall into five general 
areas:  
a) Design deficiencies 
  b) Construction deficiencies 
  c) Material deficiencies 
  d) Administrative deficiencies 
  e) Maintenance deficiencies 
Dov Kaminetzky (1991) classifies the causes of failures as:
a) Unpredictable  
b) Design
c) Detailing and drafting  
d) Material
e) Workmanship 
f) Inspection
Kenneth Carper (1996) classifies the causes of failures into seven categories: 
a) Fundamental errors in concept  
b) Site selection and site development errors  
c) Programming deficiencies 
d) Design errors 
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e) Construction errors  
f) Material deficiencies  
g) Operational errors 
2.2.2 Modes of Failure 
Modes of failure pertain to structures that are similar in the way that they fail. 
According to Dov Kaminetzky (1991) the three most common causes of structural 
failures are instability, fracture, and elastic buckling. 
Structural failures during construction are often caused by a lack of stability. 
Kenneth Carper (1996) is points out that an analysis of the stability requirements for 
incomplete structures presents a challenging problem to the most capable structural 
engineer.
Failures can be caused by the fracture of brittle material such as cast iron or 
ductile materials such as structural steel and reinforced concrete.  Brittle failures 
occur suddenly and usually without any warning to the occupants.  Steel that is 
ordinarily ductile can become brittle under various conditions and fatigue-type 
loadings and very low temperatures exacerbate the situation. 
Elastic buckling takes place within, the elastic range of material.  When 
long, slender columns are compressed lengthwise they tend to buckle before the 
material is stressed beyond the elastic range.  Kaminetzky (1991) states that: “Braces 
in temporary constructions, such as cofferdams and trench excavations, are always the 
first to fail”.  
13
2.2.3 Types of Failures 
Neal FitzSimons (1985) asserts that both catastrophic and sub catastrophic 
failures may be categorized into three types: safety, functional, and ancillary.  The 
Technical Council on Forensic Engineering of the American Society of Civil 
Engineers (1989), classifies a failure with respect to the extent and type of damage 
into four types: safety, functional, latent, and ancillary.  
Dov Kaminetzky (1991), classifies types of failures as construction, service, 
or maintenance failures.  Construction failures can occur prior to construction or 
during construction.  Construction errors prior to construction are concept and design 
errors.  Kaminetzky states that statistics show that structural failures during 
construction often occur as a result of the following three causes: 
a) Formwork failures and collapses 
b) Inadequate temporary bracing 
c) Overloading and impact during construction 
Failures resulting from errors during service are usually caused by accidental 
overloading of floors and roofs and other accidental or intentional abuses of the 
structure.  Accidental overloading may be the result of high winds from hurricanes. 
Abuse, or misuse, of the structure may be in the form of unusually heavy loads, 
impact loads, and vibration loads. 
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2.2.4 Prevention of Failures 
When investigating structural failures, after determining exactly what 
happened and why it happened, an additional important task is to suggest methods for 
preventing similar failures.  It is probably impossible to totally eliminate structural 
failures, but the safety record of the construction industry can be improved by 
reducing the overall number of structural failures. 
Careful inspection during construction might be the most important factor in 
preventing structural failures.  Jacob Feld, (1964) stated that inspection, or lack of it, 
has never caused a failure.  It can only serve, by warning or even halting the work, to 
prevent the failure caused by some error omission for which others are responsible. 
Competent control, on every level of responsibility, is the best insurance against 
mishaps. 
Dov Kaminetzky (1976) expresses that one common theme that is prevalent 
in the literature on failures is that failures can be reduced by learning from the 
mistakes that others have already made so that the same mistakes are not repeated. 
2.3  Investigation of Failure
Investigations of structural failures are conducted for a variety of purposes. 
Most commonly, when a structure collapses, there is litigation involved, and the 
forensic engineer may be retained by a party who represents a plaintiff’s or 
defendant’s interest to determine what went wrong and who is responsible.  A 
particular challenge for the forensic engineer in this role is not to succumb to pressure 
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to compromise his or her objectivity and impartiality when answering to a client with 
a particular bias.  For failures less catastrophic than collapse, the forensic engineer 
may be retained by the owner or manager of a building or an insurance company to 
diagnose structural mal performance and prescribe a remedy; litigation may not be 
anticipated at all.  Occasionally, an investigation may be commissioned simply to 
tell the general public or a government agency what went wrong. 
2.3.1 Project Initiation
Project initiation requires establishing at least a preliminary objective and 
scope of work, checking on conflicts on interest, executing a contract agreement, and 
establishing an investigative plan (Robert T. Ratay et al., 2000). 
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2.3.2 Establishing the Investigation Team
A comprehensive list of the many specialists on which the principal 
investigator (PI) may rely is given in Table 2.1.  The qualities required of these 
specialists are generally as mentioned above.  The forensic engineer should have pre 
established relationships with such specialty consultants, in order to call them on short 
notice when the need arises. 
Table 2.1 Specialist consultant (Robert T. Ratay et al, 2000) 
Aerodynamics Field testing Photo elasticity 
Aluminium Fracture Photo grammetry
Architecture Geology Pile driving
Blasting vibrations Geotechnical engineering Pipelines
Climatology Glass Pipes
Cold-weather construction Groundwater Plasticity
Composite materials Hydraulics Plastic materials 
Computer design Hydrodynamics Prestressed concrete
Concrete materials Impact Probability theory
Construction equipment & methods Masonry  Protective coatings
Corrosion Mathematics  Railroads 
Cost estimating Measurement technology Shoring
Data systems Meteorology Stability
Dynamics and vibration Non-destructive testing Statistical analysis
Elasticity Ocean engineering Steel
Electronics Offshore construction Surveying
Engineering mechanics Painting Waterproofing
Environmental engineering Parking engineering Welding
Fabrication Pavements Wind 
Fatigue Petrography Wood 
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2.3.3 General Investigation Process
This process are involved many step, that can be represent as Figure 2.1 
Figure 2.1 The investigation process 
Collection of background 
information and documents
Formation of investigation 
plan and project team
Comprehensive document
review
Site investigation, field 
testing, and sample collection 
Structural analysis and 
laboratory testing 
Revision of failure hypotheses
Revision of investigation plan
Final conclusion 
Report
Formulation of initial failure
hypotheses
Initial site visit 
Engagement and definition of 
investigation objective 
18
2.3.3.1 Field Investigation 
Field investigation may involve making observations and measurements on 
several scales, documenting existing conditions, removing samples, interviewing 
eyewitnesses, and performing in-field tests. 
2.3.3.2 Laboratory Analysis 
Laboratory tests are performed the material or on structural component. It is 
involved Material test and Component testing. 
2.3.3.3 Structural Analysis 
Calculations are almost always required to determine the loads acting on the 
structure, and to determine the structure's resistance.  In many cases, simple hand 
calculations suffice, and the author advocates these over complex computer analyses 
wherever possible.  Often, however, it is necessary to resort to computer methods, 
such as finite-element or finite- difference techniques. 
2.3.3.4 Determine the Cause of Failure 
After all the testing that are been carried our and analysis, the investigation 
team will determine the cause of the failure. Failure theories are often developed 
based on prior experience with similar failures, although the team members should 
always be open-minded as to causes or combinations of causes never before 
experienced. 
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2.3.3.5 Report
The final outcome of the investigation is report of failure.  Report should be 
organized so that proven facts from a variety of sources are laid out first.  The entire 
report must present a convincing and logical argument based on facts from discussion 
to conclusion.  The causal relationship between identified deficiencies in design, 
construction and maintenance must be shown. 
CHAPTER 3 
CASE STUDY 
3.1 Introduction 
This chapter presents the detailed analyses of methodology for forensic 
investigation of four case studies.  The background of the case studies is shown in Table 
3.1.  The four case studies that have been selected are representing different types of 
structural forms and also different causes of failure.  Since forensic engineering has 
different design from one case to other case, the methodology forensic investigation of 
each case study is analysed and compared.  For each case study, the objectives of 
investigation have been derived and detail analyses of the failure hypotheses have been 
carried out.  Besides that, the modes of failure of each case study have also been 
discussed.  Finally the use of engineering mechanics regarding each case study is 
discussed to explain the failure of each case study in engineering knowledge. 
21
Table 3.1: Background of the case studies
Case study General description 
Case study 1 
Hyatt Regency Walkway Collapse Kansa
City, Missouri (1981) 
40-story tower after 4 years of design and 
construction collapsed at the part of 2nd
and 4th floor suspended walkways. As a 
result, 114 people died and over 200 
people injured. 
Case study 2 
L’Ambiance Plaza Collapse Bridgeport,
Connecticut.(1987)
16-story building with concrete slab and 
steel columns comprised frame collapsed 
while under construction. The 9th, 10th 
and 11th floor slabs fell on the slab below 
it then entire structure collapsed. 28 
construction workers died in the collapse.
Case study 3 
Highland Tower Collapse.( 1993) 
A block of 12 storeys reinforcement
concrete high apartment collapsed due to
landslip after 10 days continuous rainfall. 
As a result, 48 people died. 
Case study 4 
Cracking Problem of  Flyover 
Bridge.(2004)
Extensive cracks were observed in pier 
crossheads supporting the bridge. Cracks 
in the affected crossheads were found to 
follow a certain consistent pattern and 
were visible to the passers-by and their 
presence had raised public concern. 
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3.2 Case Study 1: Hyatt Regency Walkway Collapse 
3.2.1 Background
In July of 1980, the Hyatt Regency in Kansas City, Missouri opened to the public 
after four years of design and construction. A 40-story tower, an atrium, and a function 
block, housing all of the hotel’s services, combined to form this impressive building. 
Three walkways suspended from the atrium’s ceiling by six 32-mm-diameter tension 
rods each spanned the 37-m distance between the tower and the function block.  The 2nd
floor walkway, directly below the 4th floor walkway, was suspended from the beams of 
the 4th floor walkway, while the 3rd and 4th floor walkways hung from the ceiling. (Feld 
and Carper, 1997). 
 During construction, the atrium roof collapsed as a result of inadequate 
movement in the expansion joint and improper installation of a steel-to-steel concrete 
connection.  Concerned about the building’s structural integrity, the owner hired another 
engineering firm to investigate the collapse and check the roof design.  The consulting 
structural engineering company also rechecked all of the connections and found nothing 
to cause alarm. Construction resumed and the hotel opened a little less than 2 years later. 
(Roddis,1993)
On the evening of July 17, 1981, between 1500 and 2000 people inundated the 
atrium floor and the suspended walkways to see a local radio station’s dance competition 
(Feld and Carper, 1997).  At 7:05, a loud crack echoed throughout the building and 
connections supporting the ceiling rods that held up the 2nd and 4th floor walkways 
across the atrium failed, so caused the 4th floor walkway collapsed onto the 2nd floor 
walkway and then both walkways collapsed onto the crowded 1st floor atrium below that 
killing 114 people and injuring over 200 others, while the offset 3rd floor walkway 
23
remained intact.  It was the worst structural failure in the history of the United States 
(Levy and Salvadori, 1992). 
3.2.2 Objectives of Investigation 
The following objectives are derived from observations on the detailed 
descriptions of the documented investigation: 
a) Design check on connection of suspended walkway 
b) Analysis the capacity of the original design connection and as built connection. 
c) Determine the cause of collapse 
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3.2.3 Investigation Methodology Flow Chart 
From the observations on the documented activities carried out in the
investigation of Hyatt Regency walkway collapse, the methodology can be summarised
as Figure 3.1. 
Conclusion
- collapse due to connection failure
- Fracture of brittle connection
Testing result proved that the 
connection was inadequate.
Laboratory testing
- Loading testing on the mock-ups
connection
- Analysis the capacity of connection 
Construction of connection did not
follow design drawing specification
Design check and document study
- Check the design document, draw and
construction report
- Compare with the finding of site investigate
Connection failure as the main
cause of collapse
Site investigate
- Visual inspection
- Observation the wreckage
- Taking photograph as evidence
Focus to failure hypothesis as
inadequate structure design
Interview with eyewitness and expert.
Collapse (hypothesis)
- Due to “harmonic” vibration.
- Due to inadequate structure design
Figure 3.1 Investigation methodology of Hyatt Regency Walkways collapse 
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3.2.4 Failure Hypothesis 
a) Preliminary hypothesis 
 Initially, the investigators had developed two preliminary causes of the collapse. 
They argued that the collapsed was due to two possibilities as follows: 
1) Walkways buckled from “harmonic” vibration set up by people swaying or 
dancing at the same times. This wave like motion generated violent stress and 
caused structures to endure. 
2) Collapse due to inadequate design of structure. 
b) Final hypothesis 
 Upon completion of detailed investigation, the investigators have concluded their 
final hypothesis in which the collapsed was found to be due to inadequate design of 
structure.  The detailed finding of the inadequacy is described in the proceeding sections. 
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3.2.5 Investigation Approach 
The investigation approach that had been carried out is as follows: 
3.2.5.1 Eyewitness and Expert Interviews 
One failure hypothesis is attributed to the walkway collapse due to large 
“harmonic” vibration.  The reason of this hypothesis is based on the observation that at 
the moment of walkway collapse, there were many people inundated the atrium floor 
and the suspended walkways to see a local radio station’s dance competition, so it was 
possible the audience dancing at same time and generated a large vibration that caused 
collapse of the walkway. 
 But according to witnesses, they disagreed on whether there was dancing on 
either walkway; moreover, Roger McCarthy, an expert of failure analysis, had stated that 
there were telltale signs in the skeleton of a structure well before it suffered vibration 
failure and in Hyatt Regency walkway collapse, he never see the hallmarks of that.  
 Eyewitness account gave another point that indicated there was a loud crack 
echoed while the 2nd and 4th floor walkway crashed to the ground.  So according to the 
eyewitness and expert point, the collapse was related to the sudden failure mechanism. 
3.2.5.2 Site Investigation 
Investigative team had investigated the scene of the collapse and photographs 
were taken as evidence.  From the observation of the wreckage, it was found that there 
were no failure signs on the walkway section, indicating that the collapse was not caused 
by inadequate design of the section of the walkway.  The photograph had provided 
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significant proof to show that the walkway collapse was most likely caused by
connection failure. 
The following photographic evidence was taken by Dr. Lee Lowery, shortly after 
the collapse: 
Figure 3.2 Photo of walkway sections taken from second floor opening.  Walkway
sections still remained as a piece-form.
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Figure 3.3 Photo of intact hanger rods from 4th floor walkway opening 
Figure 3.4 Photo of still hanging 3rd floor walkway 
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Figure 3.5 General view of the lobby floor, during the first day of the investigation 
Figure 3.6 Photo of one of the walkway cross-beams, lying on the floor of the lobby. 
This is one of the 4th floor beams, as evidenced by having two bolt holes drilled through 
the beam.  The 2nd floor beams had a single rod hole
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3.2.5.3 Connection Design Check and Document Study 
The National Bureau of Standard (NBS) was assigned to collect the design
specification, material testing and construction record to investigate the cause of
collapse.  The connection design had been the focus since the visual inspection has 
shown that the connection was the most likely cause of the walkway collapse.  As a 
finding of the document study, the NBS found that the details of the connection of the 
walkway beam to the suspender was not constructed as drawn but was changed by the 
contractor for constructability reason. 
Figure 3.7  Original connection
Figure 3.8  As built connection
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 The chronology of the Hyatt Regency Walkways collapse is shown in Table 3.2. 
Table 3.2: Chronology of Hyatt Regency Walkways collapse
Time Description 
Early 1976 
July 1976 
Crown Center Redevelopment Corporation (owner) 
commences project to design and build a Hyatt Regency Hotel 
in Kansas City, Missouri.
Gillum-Colaco, Inc. (G.C.E. International, Inc., 1983), a 
Texas corporation, selected as the consulting structural 
engineer for the Hyatt project. Hyatt project in schematic 
design development. 
Summer 1977 
Late 1977 
G.C.E. assisted owner and architect (PBNDML Architects, 
Planners, Inc.) with developing various plans for hotel project, 
and decided on basic design. 
Bid set of structural drawings and specifications 
Early 1978 
April 4, 1978 
Spring 1978 
August 28, 1978 
Project prepared, using standard Kansas City, Missouri, 
Building Codes. 
Actual contract entered into by G.C.E. and the architect, 
PBNDML Architects, Planners, Inc. G.C.E. agreed to provide 
“all structural engineering services for a 750-room hotel 
project located at 2345 McGee Street, Kansas City, Missouri.”
 Construction on hotel begins. 
Specifications on project issued for construction, based on the 
American Institute of Steel Construction (AISC) standards 
used by fabricators.
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Time Description 
December 1978 Eldridge Construction Company, general contractor on the 
Hyatt project, enters into subcontract with Havens Steel 
Company. Havens agrees to fabricate and erect the atrium 
steel for the Hyatt project. 
January 1979 
February 1979 
October 14, 1979 
October 16, 1979 
Events and communications between G.C.E. and Havens. 
Havens makes design change from a single to a double hanger 
rod box beam connection for use at the fourth floor walkways. 
Telephone calls disputed; however, because of alleged 
communications between engineer and fabricator, Shop 
Drawing 30 and Erection Drawing E3 are changed. 
G.C.E. receives 42 shop drawings (including Shop Drawing 
30 and Erection Drawing E-3) on February 16, and returns 
them to Havens stamped with engineering review stamp 
approval on February 26 
Part of the atrium roof collapses while the hotel is under 
construction. Inspection team called in, whose contract dealt 
primarily with the investigation of the cause of the roof 
collapse and created no obligation to check any engineering or 
design work beyond the scope of their investigation and 
contract.
Owner retains an independent engineering firm, Seiden-Page, 
to investigate the cause of the atrium roof collapse. 
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Time Description 
October 20, 1979 
November 1979 
Gillum writes owner, stating he is undertaking both an atrium 
collapse investigation as well as a thorough design check of 
all the members comprising the atrium roof. October- Reports 
and meetings from engineer to clients. 
Owner/architect assures clients of overall safety of the entire 
atrium. 
July 1980 Construction of hotel complete and the Kansas City Hyatt 
Regency Hotel opens for business. 
July 17, 1981 Connections supporting the rods from the ceiling that held up 
the 2nd and 4th floor walkways across the atrium of the Hyatt
Regency Hotel collapse, killing 114 and injuring in excess of 
200 others. 
February 3, 1984 
November, 1984 
Missouri Board of Architects, Professional Engineers and 
Land Surveyors files complaint against Daniel M. Duncan, 
Jack D. Gillum and G.C.E. International Inc., charging gross 
negligence, incompetence, misconduct and unprofessional 
conduct in the practice of engineering in connection with their 
performance of engineering services in the design and 
construction of the Hyatt Regency Hotel in Kansas City, 
Missouri.
Duncan, Gillum, and G.C.E. International, Inc. found guilty of 
gross negligence, misconduct and unprofessional conduct in 
the practice of engineering. Subsequently, Duncan and Gillum 
lost their licenses to practice engineering in the State of 
Missouri, and G.C.E. had its certificate of authority as an 
engineering firm revoked. 
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3.2.5.4 Laboratory Test 
Component testing by using loading testing method was carried out to the 
original design of connection and also the as-built connection.  Both of the connections 
were mockups made in laboratory.  The purpose of this testing was to evaluate the 
capacity of both types of connections. 
 Analysis of these two connection details revealed that the original design of the 
rod hanger connection would have supported 90 kN, only 60% of the 151 kN required 
by the Kansas City building code.  This showed that the design of the connection was 
inadequate.  Even if the details had not been modified, the rod hanger connection would 
have violated building standard.  As-built, however, the connection only supported 30% 
of the minimum load which explains why the walkways collapsed well below maximum 
load. (Feld and Carper, 1997) 
Table 3.3 Loading test result of connections 
Type of connection Capacity(kN)
Original design 90
As-built 45
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3.2.6 Cause of Failure 
 Upon investigation, the National Bureau of Standards (NBS) discovered that the 
cause of this collapse was quite simple: the rod hanger pulled through the box beam 
causing the connection supporting the 4th floor walkway to fail.  Because of lack of 
redundancy, this failure caused the collapse of both of the walkways. 
 Originally, the 2nd and 4th floor walkways were to be suspended from the same 
rod (Figure 3.6) and held in place by nuts.  The preliminary design sketches contained a 
note specifying strength of 413 MPa for the hanger rods which was omitted on the final 
structural drawings.  Following the general notes in the absence of a specification on the 
drawing, the contractor used hanger rods with only 248 MPa of strength.  This original 
design, however, was highly impractical because it called for a nut 6.1 meters up the 
hanger rod and did not use sleeve nuts.  The contractor modified this detail to use 2 
hanger rods instead of one (Figure 3.7) and the engineer approved the design change 
without checking it.  This design change doubled the stress exerted on the nut under the 
fourth floor beam.  Now this nut supported the weight of 2 walkways instead of just one 
(Roddis, 1993). 
3.2.7 Modes of the Failure 
Hyatt regency walkway collapse is caused by the fracture of the brittle 
connection.  This brittle failure occurs suddenly and without any warning to the 
audience before it collapsed, as a result of sudden collapse of the walkway, over hundred 
of people died. 
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3.2.8 Engineering Mechanics 
The Hyatt Regency walkway collapse can be explained with the static mechanic
by using the free body diagram.  The free body diagram is the basic equilibrium analysis 
tool used to determine forces acting on a body.  If the diagram is not drawn correctly, the 
forces cannot be calculated accurately and the design may be unsafe.  A free body 
diagram of the original detail, on the left in Fig.3.9 shows that the nut-to-beam 
connection supports the weight of a single deck, or P.  In contrast, the free body diagram
of the as-built detail now requires the nut-to-beam connection to transfer 2P. The load on 
the connection was doubled, and it failed. 
Figure 3.9 Original and as-built hanger detail 
3.3 Case study 2:  L’Ambiance Plaza Collapse 
3.3.1 Background : Design and Construction 
L’ Ambiance Plaza was planned to be a sixteen-story building with thirteen 
apartment levels topping three parking levels.  It consisted of two offset rectangular
towers, (63 ft by 112 ft) each, connected by an elevator (Figure 3.10). 
178mm (7-in) thick post tensioned, concrete slabs and steel columns comprised its
structural frame (Cuoco et al, 1992).  Post tensioning overcomes the tensile weakness of 
concrete slabs by placing high strength steel wires along their length or width before the 
concrete is poured. After the concrete hardens, hydraulic jacks pull and anchor the wires 
compressing the concrete (Levy and Salvadori, 1992). 
m1.342.19 ?
The lift-slab method of construction, patented by Youtz and Slick in 1948, was 
utilized in the construction of this building.  Following this technique, the floor slabs for
all sixteen levels were constructed on the ground, one on top of the other, with bond 
breakers between them.  Then packages of two or three slabs were lifted into temporary
position by a hydraulic lifting apparatus and held into place by steel wedges.  This 
hydraulic lifting apparatus consisted of a hydraulic jack on top of each column with a
pair of lifting rods extending down to lifting collars cast in the slab.
Once the slabs were positioned correctly, they were permanently attached to the
steel columns.  Two shear walls in each tower were to provide the lateral resistance for 
the completed building on all but the top two floors.  These two floors depended on the 
rigid joints between the steel columns and the concrete slabs for their stability.  Because 
the shear wall played such an indispensable role in the lateral stability of the building, 
the structural drawings specified that during construction the shear walls should be 
within three floors of the lifted slabs (Heger, 1991). 
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Figure 3.10 Floor plan of L’Ambiance Plaza (Cuoco et al, 1992)
3.3.2 Collapse 
At the time of collapse, the building was a little more than halfway completed.
In the west tower, the ninth, tenth, and eleventh floor slab package was parked in stage 
IV directly under the twelfth floor and roof package (Figure 3.11).  The shear walls were
about five levels below the lifted slabs (Cuoco et al, 1992).  The workmen were tack 
welding wedges under the ninth, tenth, and eleventh floor package to temporarily hold 
them into position when they heard a loud metallic sound followed by rumbling.
Kenneth Shepard, an ironworker who was installing wedges at the time, looked up to see 
the slab over him “cracking like ice breaking”.  Suddenly, the slab fell on to the slab 
below it, which was unable to support this added weight and in turn fell.  The entire
structure collapsed, first the west tower and then the east tower, in 5 seconds, only 2.5 
seconds longer than it would have taken an object to free fall from that height.  Two 
days of frantic rescue operations revealed that 28 construction workers died in the 
collapse, making it the worst lift-slab construction accident.  Kenneth Shepard was the
only one on his crew to survive (Levy and Salvadori, 1992). 
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Figure 3.11 Status of construction at time of collapse (Cuoco et al, 1992) 
3.3.3 Objectives of Investigation
The following objectives are derived from observations on the detailed 
descriptions of the documented investigation: 
a) To collect and analyse evidence from records and eyewitness accounts. 
b) To perform laboratory test to prove overload of steel angle. 
c) To carry out analysis of shear gap of verify instability of wedges. 
d) To determine causes of failure. 
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3.3.4 Investigation Methodology Flow Chart 
From the observations on the documented activities carried out in the
investigation of L’Ambiance Plaza collapse, the methodology can be summarised as
Figure 3.12. 
Laboratory test on shearhead & lift 
angle
Conclusion
- Cause of failure 
Prove that collapse
due to overload of 
steel angle 
Prove that collapse
due to instability of
wedge
Computation analysis of shear gap
Collect evidence
Site investigation
- Eyewitness interviews.
- Collected curing concrete test cylinder
Collapse (hypothesis)
- Due to overload of steel angle.
- Due to instability of wedges.
Figure 3.12 Investigation methodology of L’Ambiance Plaza collapse 
41
3.3.5 Failure Hypothesis 
The failure hypothesis was base on two possible factors namely, overloading and 
instability of components: 
1) An overloaded steel angle welded to a shearhead arm channel deformed, causing 
 the jack rod and lifting nut to slip out. 
2) The instability of the wedges holding the twelfth floor and roof package caused 
 the collapse 
3.3.6 Investigation Approach 
The investigation approach that had been carried out is as follow; 
3.3.6.1 Site Investigation 
On the day of the collapse, the City of Bridgeport retained Thornton-Tomasetti 
Engineers (T-T) to investigate the cause of the collapse.  Representatives of T-T arrived 
on the site on the same evening and were continuously present during the entire rescue 
operation.  During this period, T-T performed extensive field work to document and 
preserve perishable evidence.  Figure 3.13 show the scene after L’Ambiance Plaza 
collapse.  
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Figure 3.13 Scene of L’Ambiance Plaza after collapse
Besides taking the photograph, the investigators team do some investigation 
work as follow: 
Eyewitness Interviews
All witnesses agreed that the collapse was extremely rapid.  They estimated the
elapsed time from beginning to end ranging from 2 sec to 10 sec. 
Most witnesses mentioned that the first event that drew their attention was a 
single loud bang.  This bang appeared to have come from the west building, and most
witnesses stated that they saw or heard the slabs in the west building collapsed first.
Most witnesses with good vantage points believed that the center of the west building 
collapsed first.
An important account of what transpired immediately before the collapse is 
provided by an ironworker who was in the process of installing wedges in the west 
building.  This surviving member of the wedging crew mentioned that at the time of the 
collapse he and his crew were somewhere near the center of the west building.  He and 
43
his partner, both of whom were on top of a scaffold, had just inserted both wedges.  He 
turned his head to shield his eyes while his partner began to tack weld the wedges, at 
which point he heard the initial bang.  The sound appeared to come from immediately
above him or from within 25 ft west of him.  He then heard a crumbling sound, observed 
a lot of dust, and noticed that the ceiling directly over his head was cracking like “ice 
breaking”.  The slabs then came down around him, driving him inside the cage of the 
rolling scaffold, which somewhat protected him during the fall. 
Curing Concrete Test Cylinders
When the L’Ambiance Plaza collapsed, it was under construction, so the curing
concrete test cylinders were on the site; even some concrete cylinders have already been 
transported to the testing laboratory.  Since just after the collapse, the investigators team
were try to collect all curing concrete cylinders immediately.  These cylinders would 
provide invaluable information (Figure 3.14).  Results of the compressive test had 
shown that the quality of concrete was not the factor contributing to the collapse of 
building.
Figure 3.14 These curing concrete cylinders were found at the L’Ambiance Plaza site 
and were instrumental in ruling out substandard concrete strength as a possible cause of 
the collapse. (Robert T Ratay, 2000)
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3.3.6.2 Laboratory Test on the Capacity of Shearhead and Lift Angle 
 The collapse of L’Ambiance Plaza was suspected to be due to the overload of the 
shearhead and lift angle.  This hypothesis was made based on finding of the 
investigation.  According to the evidence obtained, it was shown that shortly before the 
collapse the workers lifted the 9th, 10th, and 11th floor package to its final position and 
began tack-welding the steel wedges into place.  They used a jack on top of the column 
E4.8 or E3.8 (Figure 3.10) to slightly adjust the position of the slab overloading the 
lifting angles.  When the shearheads and lifting angles had lifted the package of three 
3.13 MN (320-ton) slabs, they were dangerously close to their maximum capacity, so 
adding even the smallest of loads could strain them.
 One of the reasons was that the lifting capacities of the two types of jacks used 
were too small for the 9.38 MN (960-ton) package being lifted.  The regular jacks have a 
maximum load of 869kN (89 tons), while the super jacks have a maximum load of 1.47 
MN (150 tons). 
The investigators carried out the laboratory test for testing the capacity of the 
shearhead and lift angle and found that the shearhead and lift angle tended to twist as the 
loads approached 781kN (80 tons) because although strong enough, they were not rigid 
enough.  The excess force deformed the lifting angle which transfer the excess load to 
column and caused the collapse of structure. 
3.3.6.3 Computational Analysis of Shear Gaps 
 Shearhead gap is to allow clearance between the shearhead and the weld blocks 
during the lifting operation.  It is necessary that the distance between the shearhead 
headers be larger than the out to out distance between the weld blocks. 
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Gap is defined as the distance from the outside face of the weld block to the
inside face of the header, or header bar, as illustrated in Figure 3.15.  The larger the gap, 
the more difficult it is for the wedge to remain stable and to transfer loads from the 
shearhead to the column.  Also, the larger the gap, the smaller the amount of bearing 
area provided to the shearhead.
Based on the lifting shop drawings, investigators calculated the actual shearhead
gaps at all erected columns in the east and west buildings for the case in which the
shearhead is perfectly centered on the column.  They found that the shearhead gaps on 
column 3E-3.8E, 16mm (0.628 in) were much large than the rest of the building, 5.92-
8.31mm (0.233 in-0.327 in) and other building built with the lift slab technique, 6.35-
9.53mm (0.250in-0.375in).  The results are summarised in Table 3.4. 
Figure 3.15 Slab to column connection (Cuoco et al, 1992) 
Table 3.4: Shearhead gaps of column 
Location Shearhead gap (mm) 
Column 3E -3.8E of  L’ambiance Plaza 16
Other column of  L’ambiance Plaza 5.92-8.31
Other building column 6.35-9.53
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3.3.7 Cause of Failure 
The collapse of the L’Ambiance Plaza were due to the failure occurred at the
building’s most heavily loaded column E4.8 or the adjacent column E3.8 as a result of a
lifting assembly failure.  Since the shearhead and lifting angle were overloaded, the 
excess force deformed the lifting angle, allowing the jack rod and lifting nut to slip out 
of the lifting angle and hit the column with 333kN (75,000 lb) of force (Figure 3.16). 
After this initial slip, the jack rods and lifting nuts in the entire E line progressively 
slipped, causing the ninth floor slab to collapse, initiating the collapse of the entire
building. (Levy and Salvadori, 1992).
Figure 3.16 Failure sequence (Rachel Martin and Norbert J, 2000) 
? Another cause of the collapse was due to the instability of the wedges at column
3E caused the 12th floor/ roof package to fall initiating the collapse.  After computational
analysis the shearhead gaps, it was found that the distance of the shearhead gaps of
column 3E and 3.8E were larger than the normal.
In addition to these abnormally large gaps, the shearheads used on these two 
columns did not have cut outs in their lifting angles to restrict relative shifting, and were 
installed eccentrically.  Finally, until a wedge is completely welded into place it depends
on friction to hold it.  Normally, this is sufficient.  The large shearhead gaps on columns 
3E and 3.8E and the presence of hydraulic fuel on these wedges, however, would have 
demanded an extremely high friction coefficient to hold the wedges into place. 
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 On the day of collapse, the lateral load from the hydraulic jack exerted on the 
heavily loaded wedges had caused the west wedge to roll.  Then the local adjustments to 
slab elevations caused the remaining wedge to roll out initiating the collapse of the 11th
floor/roof package and the west tower.  Forces transmitted through the pour strips or the 
horizontal jack, or the impact of the debris from the west tower triggered the east tower 
collapse (Cuoco et al, 1992)
3.3.8 Modes of the Failure 
The collapse of L’Ambiance Plaza which was under construction was caused by 
the lack of stability of the wedges. The structural failure occurs suddenly. 
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3.3.9 Engineering Mechanics 
 L’Ambiance Plaza collapsed while under construction, was due to the breaking 
in the load path of the structure. Load path can be explained in simple way that any 
structure touches the ground in certain areas, which are the only places from which it 
can derive support.  It will also experience forces from loads, such as traffic and wind 
pressure.  The load path is the route by which forces applied by the ground can exert the 
forces necessary to balance the loads. 
 In structural analysis, the continuous load path is very important in design.  It is 
because the continuous load path is able to transfer loads from structural component to 
another structural component until they are transferred into the earth. 
 If the continuous load path is disturbed like what had happened at L’Ambiance 
Plaza, the structure member will not able to carry load, hence damage or collapse of the 
structure will happen. 
 The continuous load path of the structure can be achieved by adequate design of 
the element and connection of structure. To prevent the structural collapse entirely due 
to the disturbing of the load path, the alternate load path can be designed for the 
structure.
3.4 Case study 3:  Highland Towers Collapse 
3.4.1 Background 
Highland Towers, as is collectively known, consist of three blocks 12 story high 
apartments named simply as Block 1, 2, and 3 respectively.  It was constructed 
sometime between 1975 and 1978 and the residents who dwelled therein were middle 
income earners.  Directly behind the 3 blocks was a rather steep hill with a stream 
flowing west, if it was allowed to follow its natural course.  The attraction of this place 
was the natural surroundings with an extensive view of the city of Kuala Lumpur. 
 On Saturday, the 11.12.1993, at about 1.30 p.m, after 10 days of continuous 
rainfall, Block 1 collapsed (Figure 3.17).  When rescue operation was called off after 
days of searching, 48 people were recorded dead. The nation declared this incident as a - 
national tragedy.  Immediately after the collapse of Block 1, the residents of Block 2 and 
3 were prevented from entering their apartments by the local authority for fear of the 
instability of these two buildings.  A few days later, they were allowed in but only to 
collect their personal valuables.  At that time, their apartments were looted and 
subsequently vandalilized 
 Seventy three owners and occupiers of blocks 2 and 3 apartments brought an 
action and breach of statutory duty.  The Plaintiffs alleged inter alia that they had been 
unable to re-occupy Blocks 2 and 3 emanating from the collapse of Block 1. 
This case had been taken to High Court (Kuala Lumpur), judged by James Foong, 
at 11 August 2000.  In this case study, the forensic investigation approach will be based 
on what had been done by the investigation team for collecting the evidence for High 
Court.
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Figure 3.17 Scene of Highland towers collapsed 
In order to establish the cause of the collapse of Block 1, it is essential to disclose
some brief facts as introduction:
3.4.1.1 Highland Towers and Its Surrounding Features
Following are the surrounding features of Highland Towers that had been the
consideration factors during the conduct of forensic investigation on the collapse. 
The Retaining Walls
The three apartment blocks of Highland Towers were built on elevated land with 
a relatively flat base.  Directly behind it was a steep hill.  Though some witnesses have 
described the gradient of this hill to be ten to 20 degrees but, Judge found that it to be far
steeper.  This hill was terraced, supported by retaining rubble walls made of boulders 
and cobbles of rock of varying seize placed together by mortar at a random fashion. 
Some of these walls had collapsed and were buried in the soil at the time of the Highland 
Towers tragedy.  Those left are still standing, either in part or as a whole, but in a dire 
state of repair.  From a physical survey commissioned by MPAJ soon after the collapse 
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of Block 1 on the affected area, covering the Highland Towers Site and the Arab 
Malaysian land, it was apparent that these retaining walls were constructed in hap 
hazardous manner.  Some were located on the Highland Towers Site with the rest in the 
Arab Malaysian land. (Malayan Law Journal, 2003) 
Ownership of the Slope behind Highland Towers
 Both the Highland Towers Site and the Arab Malaysian land once belonged to a 
common owner, the Developer of Highland Towers, who intended to develop the entire 
area into a housing scheme with three apartment blocks on Highland Towers Site and 
bungalows on the Arab Malaysian land.  When the lands were subdivided and issued 
with individual documents of title, developer of Highland Towers mortgaged the 
bungalow lots, consisting of 50 in number, to the Arab Malaysian Bank in consideration 
of some financial arrangements.  When the loans were not repaid, the 50 bungalow lots 
were transferred to the Arab Malaysian Bank in November 1991 to offset the amount 
due. (Malayan Law Journal, 2003) 
The East Stream and Pipe Culvert
 At the furthest eastern corner of the Arab Malaysian land water from a stream, 
popularly known as the “East Stream” enters the Arab Malaysian Bank land.  The source 
of this stream originates from the Meraux land.  It flows down hill in a westerly 
direction until it reaches a plateau where it forms a mud pond.  From here the water is 
channeled into a set of concrete culverts which directs it to a pipe culvert (pipe culvert). 
This pipe culvert runs horizontally right across the hill slope of the Arab Malaysian land. 
After passing through ten bungalow lots, the water from this pipe is discharged into Lot 
445 which is situated in the north. Lot 445 is a government land.  
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 The initial section of this pipe culvert was built as an integrated part of a 
retaining wall.  It has manholes located at various intervals.  Just by the side of this pipe 
culvert, running for some distance, is an open concrete drain.  This was intended to drain 
surface run-off water while the pipe culvert catered for the water emanating from the 
East Stream. 
 The pipe culvert running across the hill is highly undesirable and dangerous. 
Instead of water flowing along its natural course -downhill (following its natural terrain), 
it is now diverted into a man made structure that requires constant maintenance and 
supervision. (Malayan Law Journal, 2003) 
Bruce Mitchell (witness)’s Photographs
 The three blocks of Highland Towers were built in such a manner that Block 1 & 
3 was almost parallel to each other, with Block 2 in between set slightly back.  From the 
window of the 4th floor of Block 3, a resident, Mr. Bruce Mitchell, had the presence of 
mind to snap a series of photographs just before the collapsed of Block 1.  These highly 
commendable pictures, six in number, recorded the tragedy and rendered us a grime 
reminder of the last moments before the disaster that took so many lives and caused 
enormous loss of property.  These pictures also provided invaluable information to 
specialist in the field of geo-technology to determine the cause of the collapse.  They are 
marked as P7A-7H. 
 Following is the description of the photographs: 
Photograph P7A - shows a view of the rear section of Highland Towers framed on both 
sides by the balconies of apartments in Block 1 and 2.  At the furthest end of the picture 
is the hill slope.  Erosion scars are seen in two areas engulfed by vegetation, mainly trees 
which lean downhill as if being pushed by some force from above.  Beneath is a rubble 
retaining wall. In front of this wall is a heap of earth with fragments of tar spawn over. 
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Lower down from this spot is a continuous row of corrugated asbestos roofs in a state of 
collapse, with motor vehicles trapped under.  Right next to this and slightly further front, 
is a cement slap which looks like an open-air badminton court.  Supporting it is a rubble 
retaining wall topped by flower plants. 
Photograph P7B - shows a partial profile of Block 1 with some balconies of apartments 
facing Kuala Lumpur City protruding out. Beneath these is a tar-paved road with 3 
motor cars parked in a row.  At the far end of this road is a rubble retaining wall 
supporting a growth of lush green vegetation. The lower portion of this retaining wall 
has explored with soil spawn over a lower tier road.  A lamppost standing close to the 
area where the soil is seen emitting has leaned. 
Photograph P7C – shows the second frame of the same spot as P7B. The soil had seen 
emitting in the earlier picture it is more profound.  Substantial part of the retaining wall 
has collapsed.  Greater volume of earth is seen gushing out of the disintegrated retaining 
wall. The lamppost has leaned more extreme. 
P7D captures almost the entire Block 1 tilted at an angle with clouds of dust emitting 
from the base. 
P7E records Bock 1 almost tumbling to the ground. The rear apartments' balconies, now 
facing the sky are clearly visible. 
P7F is a second frame of the same spot as P7E.  In this subsequent shot, taken a few 
seconds later, there is a sea of dust with intermittent sight of a fallen building. 
P7G reveals a wider view of the rear of Block 1 without the building (Block 1) 
obstructing.  The dust from the fallen Block 1 is still present as evidenced by the white 
cloudily shades on the right side of the picture.  In the center, starting from the top is the 
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hill slope marked by scars extending to the right in a continuous line.  Below, divided by 
a row of vegetation, is a rubble retaining wall that is still standing but split in the middle 
and slanting.  In front of this is a large mess of expose earth, and floating on top are 
some cars with parts of the corrugated roof, which once provided a shade for the car 
park.  At the extreme left of this photograph stands Block 2, with its landscaped terraced 
garden fully intact. 
P7H is a pathetic view of the collapsed Block 1 lying on the ground in one piece with 
stunned spectators staring at the aftermath in total disbelief. (Malayan Law Journal, 
2003)
3.4.2 Objectives of Investigation 
The following objectives are derived from observations on the detailed 
descriptions of the documented investigation: 
a) To determine the investigation methodology for deriving the failure hypothesis.  
b) To determine the cause of collapse 
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3.4.3 Investigation Methodology Flow Chart 
From the observations on the documented activities carried out in the
investigation of Highland Towers collapse, the methodology can be summarised as 
Figure 3.18. 
Dr Weeks’s failure Hypothesis
-Flow slide due to failure of
retaining wall of Arab Malaysian
Land collapse Block 1 
Investigation approach to
support hypothesis
-Borehole test
-Reference to photograph
-Witness testimony
-Site investigation
-Expert assessment
Investigation approach to support hypothesis
-Reference to aerial photograph 
-Computation analysis
-Site observation
Other Investigation
-Site observation
-Experts’ witness 
-Witness interview
Judgment of High Court
- After analysis and consideration,
the cause of failure was rotational
retrogressive slide emanating from
the High wall. Inadequate drainage
and pipe culvert provide water to 
land slide
Oral
Testimony
As considering
factor for High
Court
As considering
factor for High
Court
Prof Simons’s failure Hypothesis
-Retrogressive landslide due to failure of High
wall create surcharge to Block 1, Block 1 collapse
due to inadequate design of pile foundation.
Highland towers collapse
Figure 3.18 Investigation methodology of Highland Towers collapse 
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3.4.4 Failure Hypothesis 
There were two failure hypotheses that had been established by two experts, one 
from the plaintiffs who was Dr Weeks Derwish and the other from the Arab Malaysian 
Bank who was Prof Simons C.H.Loo.  The failure hypotheses are described as follows: 
1) Dr Weeks’s hypothesis: 
 A series of landslides which cause by water was brought down the Block 1 of 
 Highland Towers. About series of landslides happened due to the failure of a 
 retaining wall on the upper slope of the Arab Malaysian Bank’s land (land 
 directly at the rear of Highland Towers) which initiated a rotational landslide. 
 This in turn triggered off a mantle slide just below due to the upper layer of the 
 soil in this sector heavily saturated with water.  When the mantle slide came 
 down in one piece it took whatever was beneath it like the retaining walls, trees, 
 vegetation, car parks, badminton courts and Block 1. Because of the speed of this 
 mantle slide and the nature of the soil, being loose or very loose, and the 
 presence of large amount of water in the soil, Dr Weeks classifies this mantle 
 slide into a special category called a flow slide. 
Keyword:
A rotational slide: is landslide where a failed landmass comes down in a rotational 
manner i.e. the toe of the slip is forced out and reverts backwards in a curve. 
A mantle slide: is when a failure involves only the upper layer of the soil.  As for a flow 
slide, it is a mantle slide but has the characteristic of speed, material being loose or very 
loose, and the depth of failure is relatively shallow depth with presence of substantial 
amount of water. 
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2)  Prof Simons’s hypothesis: 
 The collapsed of Block 1 was due to the initial failure of the high rubble 
 retaining wall of 10 to 11 meters immediately behind the second tier car park.  
 He refers to High wall.  The failure of High wall initiated a series of 
 retrogressive landslides up the slope behind this wall.  Simultaneously a forward 
 movement down slope was effected.  This forward movement down hill 
 created such a  surcharge load that Block 1, with its pile foundation not designed
 to accommodate any horizontal load, collapsed, bringing along with it the 
 structure it was supporting. 
Keyword:
A ‘retrogressive slide’: is a rotational slide which begins at the bottom of the slope and 
regresses upward in a series of rotational slide.  Here, each rotational slide is a segment 
of a limited failure and it happens next behind the other due to loss of toe support. It 
continues progressively up slope, getting less active as it proceeds. 
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3.4.5 Investigation Approach 
The investigation approach that had been carried out to support each failure 
hypotheses are as follows: 
3.4.5.1 Investigation Approach to Support Dr Weeks’s Failure Hypothesis
The following investigation approach had been carried out as an effort to find the 
evidence to support the Dr Weeks’s failure hypotheses. 
Borehole Test
A firm of geo-technical engineers named Dames and Moore was engaged by the 
Arab Malaysian Bank to conduct geological test on the Highland Towers Site and the 
Arab Malaysian land after the collapse of Block 1.
To conduct a borehole test, an instrument called a standpipe was inserted into a 
hole drilled to the ground till it reaches the granite. The purpose was to obtain 
subterranean soil sample and to ascertain where the ground water table is. 
At locations where they did the test, results showed loose or very loose sandy 
soil. Such type of soil, in the opinion of Dr Weeks, has large pore space and of low 
density.  It moves close to each other when saturated with water, causing the pore water 
pressure to increase.  When this happens there will be a reduction to the resistance in the 
shear strength of the soil causing it to slide.  Beside that the result also showed that the 
site has relatively high water level. 
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Reference Photograph as Evidence
A series of photograph that taken by Mr. Bruce Mitchell that had been described 
as previously was used as evidence to support the Dr Weeks’s failure hypothesis. 
According to photo P7A, on the top left- hand corner of the building, there was a scar 
where Dr Weeks believed it was the mantle slide originated, however other scar where 
counting from the top as shown in the same photo, Dr Weeks observed that is a evidence 
of the land slide which originated above had moved downhill. 
Witness Testimony
 The oral testimony of Bruce Mitchell (witness), pointed out that he noticed 
movement on the hill slope before he took the photos. He described it as “like 
something rippling beneath”.  Dr Weeks interpreted this as representing a relatively 
shallow landslide of the upper mantle layer taking with it trees, vegetation and retaining 
walls on top. 
Site Investigation
 Dr Weeks relied on his own observation during his three visits to the Arab 
Malaysian land where he noticed water flowing in an uncontrolled manner over the 
surface of the slope.  He also took various photographs tendered as exhibits showing 
water over flowing a retaining wall and the existence of ‘ponding’ (pools of water) on 
the ground. 
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Expert Assessment
From Dr Week’s own assessment, it was found that the factor of safety for this 
retaining wall was only 1.02.  This is far below the accepted geo-technical engineering 
standard to determine slope stability which rules that a slope will fail if it has a factor of 
safety of 1 or less than 1. 
3.4.5.2 Investigation Approach to Support Prof Simons’s Failure Hypothesis 
 The following investigation approach had been carried out as an effort to find the 
evidence to support the Dr Weeks’s failure hypotheses. 
Reference Aerial Photograph as Evidence
 In reference to the aerial photograph which was taken by the Investigation 
Committee of the Commission of Inquiry a few days after the collapse of Block 1.  This 
photo showed a number of scars on the land behind the collapsed building.  It was the 
exposed surface of the earth after the ground had slipped due to weakness and loss of 
support.  Prof Simons stated that there were four scars in the photo.  This, according to 
authoritative geo-technical engineering text, represents a rotational retrogressive failure 
beginning from the head scar at the lowest point. 
Computational of Analysis
 From the calculations done by Prof Simons, it was proven that the high wall had 
a very low factor of safety.  In his opinion, this High wall would fail at the height of five 
meters without any water pressure acting at the back of this wall.  In fact, his analysis 
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showed all those walls behind Block 1 had only a factor of safety of 1.52 even on the 
assumption of no water pressure was applied against them.  This factor of water acting at 
the back of the wall had relevance because water at the back of the wall will increase the 
thrust on the wall and makes it more vulnerable to collapse.  Thus, in his opinion this 
High wall with such a low factor of safety would have easily failed on its own without 
any water influence. 
Site Observation
From the observation of Prof Simons, it was found that the High wall consist of 
blocks of stone of varying seizes hand plastered in mortar at a random fashion with no 
drainage blanket behind it. It does not appear to sit on any foundation.  It just rests 
directly on the ground.  It is simply not big and heavy enough to carry earth pressure 
acting on it, let alone additional water pressure. In his opinion, this wall was very 
vulnerable to failure. 
3.4.5.3 Other Investigation Approach that had been Considered by High Court  
 The following investigation approach had been considered by High Court in 
order to find the cause of Highland Towers collapse. 
Site Observation
Investigation Committee of Commission of Inquiry had organised an 
investigation team to investigate the surrounding of Highland Towers after collapse. 
They had taken photograph about the condition of the steep hill of Highland Towers, 
drainage system which surrounding the Highland Towers, and also the aerial photo to 
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exhibit the collapse scene.  Those various photographs had become invaluable 
information to judge. 
Experts Witness
 As described by the drainage experts, Mr. Hooi and Mr. Douglas Yee, the 
drainage on the Arab Malaysian land were neither sufficient nor efficient to carry the 
load. Substantial part was earth drains and this permitted easy percolation of water into 
the soil to saturate it. 
Witness Interview
 According to a witness, Mr. Lim, the maintenance man of the Highland Towers 
had disclosed that some drainage was blocked or with vegetation growing over them. 
Such blockage have caused severe overflow on the terraced slope. 
 According to another witness, Mr Mike Rickard who tracked up the slope of the 
Arab Malaysian Land soon after the collapse of Block 1 found this pipe culvert in very 
poor condition, damaged in many parts with water leaking there from. 
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3.4.6 Cause of Failure 
  After due consideration, the court ruled that the landslide that brought down 
Block 1 was a rotational retrogressive slide emanating from the High wall behind the 
second tier car park.  The High Court also decided that Block 1 had collapsed due to a 
landslide caused primarily by water which emanated from the damaged pipe culvert and 
the inadequate and unattended drains on the Arab Malaysian Land. 
3.4.7 Modes of the Failure 
Highland Towers collapse was caused by the instability of the rail pile 
foundation.  The engineer was not considering the horizontal load during design 
foundation so when the rotational retrogressive slide occurs, this forward movement 
down hill created a surcharge load to the foundation.  Since the foundation cannot resist 
horizontal load, it failed and as a result, the Highland Towers collapsed. 
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3.4.8 Engineering Mechanics 
Instability of the rail pile foundation which was not designed to resist the 
horizontal load is a factor for the Highland Towers collapse.  As an engineer it is our 
responsibility to design a suitable foundation for all buildings.  Piled foundations are 
sometimes required to resist horizontal load force.  If the horizontal forces are small,
they can be resisted by the passive pressure of the soil against vertical piles, otherwise if
the forces are not small then raking piles must be provided.  Following is a simply 
procedure to analyse raking pile to resist horizontal load. (Figure 3.19) 
R
Figure 3.19 Raking pile 
Figure 3.19 is shows a raking pile, where R is a force that must be resisted by 
this raking pile.  It is made up of one set of vertical piles and two sets of raked piles 
which are battered in opposite direction.  For ease of analysis, the vertical piles are 
designed to resist the vertical loads and the inclined piles are resisting horizontal loads.
To determine the load in each pile, the static method which is simply a graphical
analysis using Bow’s notation, can be used (W.H.Mosley et al, 1999).  The set of raking 
pile can be simplified as Figure 3.20, as follows: 
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A
B C
R
Figure 3.20 Simplification raking pile 
Assuming in Figure 3.20 are imaginary piles acted upon by axial force only. 
They are pin jointed at both ends so it becomes possible to determine the line of action. 
The force diagram is as shown in Figure 3.21. 
QA
R
a
QB
QC
R’
Figure 3.21 Force diagram
 Let QA, QB and QC be the force per unit length of the foundation in the imaginary
pile A, B and C.  The resultant QB and QC is R’. The R’ must pass through ‘a’, the point
of intersection of QA and R (applied load). The QA, QB and QC are obtained from a force
polygon (Figure 3.22) as follows: 
66
R’
R
QA
QB
QC
Figure 3.22 Force polygon
So, axial force in each pile in set A is:
A
A
PA n
Q
Q ?
Where nA is number of piles in set A 
Similarly to get axial load in each pile in set B and set C are: 
B
B
PB n
Q
Q ?  and 
C
C
PC n
Q
Q ?
3.5 Case study 4:  Flyover Cracking Problem 
3.5.1 Background 
This case study involves the investigation of crack in a flyover bridge which 
carries a dual 3-lane elevated carriageway on existing roads.  The bridge cross- section 
comprises twin precast segmental concrete single-cell box girders as shown in Figure 
3.23.  Extensive cracks were observed in 31 pier crossheads supporting the bridge which 
is located in a busy flyover interchange.  Cracks in the affected crossheads were found to 
follow a certain consistent pattern and were visible to the passers-by and their presence 
had raised public concern (Figure 3.24).  Repair work on the defective flyover had been 
temporarily halted to allow an independent investigation on the bridge structure to be 
carried out. 
 A forensic investigation has been carried out to determine the cause of the 
cracking and to check for any discrepancies in the construction of the structure.  The 
forensic investigation into the cracking comprised of field investigation and related 
laboratory work, design checks and document study.  
 The field investigation involved visual inspection and crack mapping to verify 
earlier inspections, cover meter survey, rebound hammer tests, core-drilling for concrete 
strength sampling and related laboratory testing including core testing, ultrasonic pulse 
velocity measurement and chemical analysis.  The test results indicated that the material 
used in the construction was in accordance with the specified material properties and 
strength.
 The design check involved load assessment and structural analysis of the 
crosshead including code assessment, and finite element analysis as well as 2-D strut-
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and-tie analysis as a supplementary method.  All the loadings were verified and used in 
the design check. 
Reinforcement
concrete crosshead
Reinforcement
concrete pier
Precast segment
box-girder bridge
deck
Figure 3.23 Cross section of Flyover Bridge 
Figure 3.24 Crack pattern
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Figure 3.25 Scene of flyover at right hand side, during temporary closure which 
caused massive traffic congestion 
3.5.2 Objective of Investigation 
The following objectives are derived from observations on the detailed 
descriptions of the documented investigation: 
a) To verify previous inspection and testing. 
b) To determine strength of materials.
c) To carry out design check for inadequacy. 
d) To determine cause of failure (cracking). 
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3.5.3 Investigation Methodology Flow Chart 
From the observations on the documented activities carried out in the
investigation of flyover cracking problem, the methodology can be summarised as 
Figure 3.26. 
Hypothesis
- inadequate design
- Detailing error
Visual Inspection
Crack mapping
Cover meter survey
Rebound Hammer test
Core test
Ultrasonic Pulse Velocity test
Material
accordance with 
specification
Cause of crack
-Inadequate transverse
steel
-Error lapping of
longitudinal bars in middle
part of crosshead
Design check
- load assessment and 
structural
analysis
- finite element
Chemical test
Crosshead flyover crack
In
situ
tests
Finding
L
aboratory
tests
Figure 3.26 Investigation methodology of flyover cracking problem
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3.5.4 Failure Hypothesis
Based on the site investigation and design check, a failure hypothesis on the 
observed cracking was proposed in which it was suggested that the cracking occurred in 
stages.  The failure hypothesis is explained as follow: 
Chronology of Crack
Early cracking occurred upon striking of formwork was attributed to early 
thermal expansion. 
Figure 3.27 Crack 1
Longitudinal cracking occurred on top of crosshead was due to inadequate 
provision of transverse steel which failed to resist tension during erection loading. 
Figure 3.28 Crack 2
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The longitudinal cracking had caused splitting of crosshead into 3 parts and 
consequently reduced its effective width. The bonding failure starting to fail and caused 
shear crack
Figure 3.29 Crack 3
 Further flexural cracking occurred in the crosshead due to combined effect of 
splitting and bonding failure.  The bonding failure was caused by lack of material due to 
inadequate spacing and lapping of longitudinal steel bars in the middle part of the
crosshead.  Inadequate spacing and inappropriate lapping were considered as a detailing 
error.
Figure 3.30 Crack 4
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3.5.5 Investigation Approach 
3.5.5.1 Visual Inspection 
Visual inspection provides valuable information to the investigators.  Visual 
features related to workmanship, structural serviceability and material deterioration.  By 
carrying visual inspection, engineer able to differentiate between the various types of 
cracking.
 Visual inspection is very important in assessing the reason for deterioration of 
concrete structures.  The first stage in an evaluation of a concrete structure is to study the 
condition of the concrete, to note any defects in the concrete, to note the presence of 
cracking and the cracking type, the presence of rust marks on the surface, the spalling of 
concrete from the surface, the presence of voids, the presence of apparently poorly 
compacted areas etc.  Visual assessment determines whether or not to proceed with 
detailed investigation. 
 Before the investigators went to the site and observe the situation of flyover, they 
had obtained and reviewed the construction drawing and other pertinent documents to 
generally become familiar with the site.  Investigators would focus on the pattern, 
location and the length of crack. After the visual inspection, a diagnosis of defects and 
deterioration can be done.  During the visual inspection, investigators also took 
photographs as data of investigation. The visual inspection action as shown in Figure 
3.31
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Figure 3.31 Visual inspection
3.5.5.2 Crack Mapping
Crack mapping is a condition survey method.  Crack mapping over a period of 
time to assess nature, extent and probable causes.  It also uses proformas to record crack 
location and direction.  It is a useful surveying method as paper evidence to investigators 
to analysis the crack.  Simple instrumentation was be used such as tell tale glass, demec
gauge points to record movements.
3.5.5.3 Cover Meter Survey 
Cover meter is used to determine the thickness of the cover concrete, beside that
the location, size and number of steel reinforcement also can be determine.  This method
is necessary before the Rebound Hammer test and ultrasonic Pulse Velocity (UPV)
measurement.
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3.5.5.4 Rebound Hammer Test 
The investigators obtained an estimate of the in-situ strength of flyover by 
carrying out the Rebound Hammer testing.  The equipment used was an analogue type 
Rebound Hammer Type N.  The reference standard is according to BS1881 Part 202. 
3.5.5.5 Core Test 
Some locations where likely minimum strength and minimum stress coincide 
which had been predetermined by rebound hammer of the flyover had been selected to 
do the core test.  The core was cut by a rotary cutting tool with diameter bits in 
accordance to the procedure detailed out by BS 1881 Part 120.  The core samples were 
used for visual observation and also compressive test in accordance to the said standard.
 Core samples were observed to check the voids and cracks.  However 
compressive test was to determine the strength of concrete.  Comparison between results 
of Rebound Hammer and Core test was carried out. 
3.5.5.6 Ultrasonic Pulse Velocity (UPV) 
Measurements of ultrasonic pulse velocity (UPV) were made of the transit time 
of a high frequency pulse (54 kHz) over a measured path length between transducer 
placed on the concrete surface.  This testing was to determine the concrete uniformity 
and the location of internal defect.  The reference standard is according to BS1881 Part 
203.
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3.5.5.7 Chemical Analysis 
 Investigation team carried out the test on sulphate resistance in accordance to the 
ASTM C 1012-89.  The resistance of concrete to sulphate attack can be tested in the 
laboratory by storing specimens in a solution of sodium or magnesium sulphate, or in a 
mixture of the two.  Alternate wetting and drying accelerates the damage due to the 
crystallization of salts in the pores of the concrete.  The effects of exposure can be 
estimated by the loss in strength of the specimen, by changes in its dynamic modulus of 
elasticity, by its expansion, by its loss of mass, or can even be assessed visually.  
 The test result of the field investigation and laboratory test indicated that the 
material used in the construction was in accordance with the specified material 
properties and strength. 
3.5.5.8 Design Check 
 For the purpose assessing the structural adequacy of the flyover, design check 
which consisted of load assessment and structural analysis of the crosshead including 
code assessment and finite element as well as 2D strut and tie analysis as a 
supplementary method were carried out.  All the loadings were verified and used in the 
design check.
3.5.6 Cause of Failure 
 The crack of the flyover is due to the inadequate design of transverse steel 
(original as T20-150mm, as built as T16-175mm) and the detailing error in which there 
is insufficient space provided between longitudinal beam and incorrect lapping at the 
mid-section of crosshead.  
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3.5.7 Modes of the Failure 
The cracks observed in the crosshead were structural cracks due to bending and 
shear. These cracks are active/live cracks and strengthening is required to restore the 
structural capacity of the section. 
3.5.8 Engineering Mechanics 
 During design check stage, the crosshead was modelled as the strut and tie model 
to analyse their behaviour.  A simple way to explain strut and tie is to visualize that all 
structures have forces acting on them.  The part of the structure that has tensile force 
acting on it is called a tie and the part that has compressive force acting on it is called a 
strut.
 The strut and tie model approach is one of the most useful design methods for 
shear critical structures and for other disturbed regions in concrete structures.  The 
model provides a rational approach by representing a complex structural member with 
an appropriate simplified truss model.  In this truss model, the equilibrium condition 
must be maintained, tension in the concrete is neglected and the forces in strut and tie 
are assume as uni-axial, however the external forces are apply at nodes. 
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The crosshead can be modelled as strut and tie model as follows:
Figure 3.32 Strut and tie model
The model represents the compressive force of the crosshead as strut and the 
tension force as tie.  The external load such as loading from box-girder applied to the 
nodes. The entire crosshead structure can be simplified as a truss model as shown below. 
Figure 3.33 Example of strut and tie model
A simple analysis of the strut and tie model is carried out using software, and the
forces in the member can be obtained as shown in Figure 3.34. 
79
Figure 3.34 Example of result of truss model analysis by using software 
CHAPTER 4 
ANALYSIS OF CASE STUDIES AND DISCUSSION 
4.1  Introduction 
This chapter presents the contrast between four case studies in terms of their own 
unique features, testing technique, analytical method and application of engineering 
mechanics which explain their failure mechanism.  Besides that, discussion and 
conclusion of the study also are presented.  By contrasting four case studies, it shows 
that each case study has its own different feature in the forensic engineering 
investigation. Base on the understanding and analysis of their different features, a 
general guideline of methodology of forensic engineering investigation is proposed.  
Discussion of the study will focus on the application of the general guideline of 
methodology of forensic engineering investigation in the forensic engineering 
investigation field.  Finally, conclusion drawn from the case studies finding is depicted.  
It shows the efforts that have been carried out and what have been obtained from the 
study.
4.2  Methodology of Forensic Engineering Investigation 
Forensic engineering investigation is different from design for each project.  
Each project has its own specific methodology since its natural of problem is vary 
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different between each other.  The specific methodology of investigation is need to 
ensure the investigator able to carry out the investigation approaches effectively and 
efficiency to find the actual cause of the project.  
 At this study, a total of four case studies had been selected.  In order to 
demonstrate some of the unique features of different project, a brief comparison of the 
case studies is summarised in Table 4.1. 
Table 4.1 Comparison of case studies 
Case Study Structure 
Natural of 
Problem
Main Finding 
Case study 1 
Hyatt Regency 
Walkways collapse 
Reinforcement 
concrete suspended 
walkways with the 
steel to steel 
connection
Walkways suddenly 
collapse
Collapse due to fracture of the 
brittle connection. This fracture 
connection caused by wrong 
constructed connection by the 
contractor without follow the 
design drawing 
Case study 2 
L’Ambiance Plaza 
collapse
16 story building with 
consist steel frame 
and concrete slab as 
main structural 
During 
construction, initial 
by the collapse of 3 
story slab lead to 
the entire structure 
collapse
Overloading of the shearhead 
and lifting angle. 
Inadequate design of the wedges
Case study 3 
Highland Towers 
collapse
12 story 
reinforcement 
concrete high 
apartment 
Collapse after 10 
days continuous 
rainfall 
Inadequate design of rail pile 
foundation which unable resist 
horizontal load due to the 
rotational retrogressive slide 
Case study 4 
Flyover cracking 
problem 
Comprises 
reinforcement 
concrete pier and 
crosshead and twin 
precast segment 
concrete single cell 
box girder 
Extensive 
consistent pattern 
crack were 
observed in 31 pier 
crossheads 
supporting the 
bridge.  
Inadequate design of transverse 
steel and the detailing 
reinforcement error where 
construct with insufficient space 
between long beam and incorrect 
lapping at the mid section of 
crosshead.  
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The methodology of forensic investigation of four case studies had been analysed 
and shown in Figure 3.1, Figure 3.12, Figure 3.18 and Figure 3.26 respectively.  Based
on the analysis of various case studies, a general methodology of forensic engineering 
investigation activity is summarised in Figure 4.1
Expert Interview
Failure Hypothesis
Planning the investigation
Site investigation
Visual inspection
-Observe the failure scene
-Taking photograph
Eyewitness interview
-Know the actual modes
and sequence of failure 
Sample collection
Collect sample relevant to 
failure for testing.
Testing method Analytical method
Design check
Review and study
relevant document
to find the
deviation of project
Field testing Laboratory
testing
Computational
analysis
Analysis by
using computer
software
As supplementary
approachConclusion
-Derive the cause of
failure
Failure
E
arly
stage
E
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collection
A
nalysis
and
confirm
the
failure
hypothesis
stage
C
onclusion
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Figure 4.1 General methodology of forensic engineering investigation 
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4.3  Testing Technique 
Testing is a very important investigation approach in forensic investigation.  By 
carrying out testing, the valuable evidence can be obtained.  Beside that, it is also a way 
for the investigator to prove certain fact scientifically.  Specific testing technique is 
required in each project.  Table 4.2 which discusses the testing technique of the case 
studies is summarised. 
Table 4.2 Testing technique of the case studies 
Case Study Testing method Finding from Testing 
Case study 1 
Hyatt Regency Walkways 
collapse
Component test by using loading testing 
on the connection 
Capacity of the connection have 
been prove that was insufficient 
with the requirement of building 
code
Case study 2 
L’Ambiance Plaza 
collapse
Loading test on the shearhead and lift 
angle 
The shearhead and lift angle was 
found tended to twist, no rigid 
enough as the loads approached 
781kN (80 tons) 
Case study 3 
Highland Towers collapse 
Borehole test at site 
Very loose sandy,  high water 
level soil condition, with large 
pore space and low density, when 
soil were saturated with water, 
pore water pressure increase 
would caused the reduction to the 
resistance in the shear strength of 
soil and caused it to slide. 
Case study 4 
Flyover cracking problem 
Non-destructive testing - Cover meter 
survey, rebound hammer tests, ultrasonic 
pulse velocity measurement and 
chemical analysis. 
Destructive testing - Core-drilling for 
concrete strength sampling and core 
testing,
The material used in the 
construction was in accordance 
with the specified material 
properties and strength. 
84
4.4  Analytical Method 
Besides carrying out field and laboratory testing, analytical method is other 
useful investigation approach to search the evidence.  Analytical method refer to 
document collection and review such as studying the design drawing, field and shop 
report, contract specification and other relevant documents, structural analysis by using 
computer software to analysis the behaviour of the structure in certain condition.  
Analytical method is a supplementary approach to the investigator to carry out the 
forensic engineering investigation.  Table 4.3 shows the summary of the analytical 
method of the case studies
Table 4.3 Analytical method of the case studies 
Case Study Testing method Finding from Testing 
Case study 1 
Hyatt Regency Walkways 
collapse
Check the design document drawing and 
construction report. 
Found the deviation in the way 
the connection was constructed 
versus the way it was design. 
Case study 2 
L’Ambiance Plaza 
collapse
Computation analysis of shear gaps by 
calculate the actual shear gap at all 
column of building 
Shearhead gaps on column 3E-
3.8E(suspected as initial failure 
part) is respectively larger than 
other column of the building 
Case study 3 
Highland Towers collapse 
Computation analysis of factor safety of 
retaining wall 
Retaining wall had a very low 
factor of safety. 
Case study 4 
Flyover cracking problem 
Design check which involved load 
assessment and structural analysis of the 
crosshead and finite element analysis, 2-
D strut-and-tie analysis. 
Inadequate design of transverse 
steel and the detailing 
reinforcement error on 
insufficient space between long 
beam and incorrect lapping at the 
mid section of crosshead. 
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4.5  Application of Engineering Mechanics 
 In this study, different engineering mechanics have been applied to explain the 
failure mechanism in different case of the forensic engineering investigation.  During 
forensic engineering investigation, forensic engineer need to demonstrate his 
engineering problem-solving skills, prove the failure mechanism using engineering 
analysis and formal scientific method.  The forensic engineers also need to know how to 
use various engineering theory applicable to the particular problem.  From the case study, 
the use of various engineering mechanics is summarised in Table 4.4 
Table 4.4 Engineering mechanics of case studies 
Case Study Natural of Problem Engineering mechanics theory used
Case study 1 
Hyatt Regency Walkways 
collapse
Constructed inadequate connection 
system. 
Static mechanic by using the free 
body diagram. 
Case study 2 
L’Ambiance Plaza 
collapse
Collapse of small areas of structure 
lead to the entire structure collapse.
Continuous load path. 
Case study 3 
Highland Towers collapse 
Building collapse due to foundation 
unable resist horizontal load 
causing by  the rotational 
retrogressive slide 
Stability design of the rail pile 
foundation system.  
Case study 4 
Flyover cracking problem 
Cracking at the crosshead 
supporting the bridge. 
Strut and tie analysis 
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4.6  Discussion 
 The four structural failure cases analysed in this study have demonstrated how 
different investigation approaches are adopted for different nature of problem and failure 
modes.  The failures in Case Study 1, 2 and 3 are associated with structural collapse 
whilst the ‘failure’ in Case Study 4 does not involve any collapse but extensive cracking 
in structural support members.  The latter is regarded as a ‘failure’ by virtue of 
significant difference between observed performance and the intended function of the 
structure.
 The failure in Case Study 1 is attributed to inadequacy of connection system 
whilst that of Case Study 2 is related to inadequate design of wedges.  Case Study 3 
involves inadequate design of rail pile foundation and Case Study 4 involves inadequate 
design of transverse reinforcement in support members.  Although design inadequate is 
the common contributing factor of failure in all the case studies, the objective setting and 
investigation methodologies are different due to the different nature of problems.  The 
case studies also demonstrated that, although some specific aspects in the methodology 
may differ from one case to another, the basic element of the methodology remain the 
same for all cases.  The case studies also showed how the selection of appropriate testing 
methods and analytical techniques can help to confirm the finding and verify the failure 
hypothesis.
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4.7  Conclusion 
 Forensic engineering investigation is essentially a failure investigation in which 
the chronology is established and the failure is ‘re-constructed’ in order to develop a 
failure hypothesis.  Engineering skills and experience is required to define clear 
objectives for the investigation, select appropriate testing methods and analytical 
techniques to confirm findings. 
A general methodology is applicable to all forensic engineering investigation, but 
the specific activities will differ depending on the nature of the problem. The application 
of relevant engineering mechanics is valuable for describing the failure mechanisms in 
different structural behaviours.  Based on the analysis of the case studies and other 
references a general guideline is proposed to implement best practices in the conduct of 
forensic engineering investigation. 
CHAPTER 5 
GENERAL GUIDELINE ON STRUCTURAL 
 FORENSIC INVESTIGATION 
5.1  Introduction 
This chapter presents a general guideline on structural forensic investigation.  
This general guideline is an outcome of the study, in order to implement the best 
practices in the conduct of forensic engineering investigation for all types of failure 
structural.  The scope covers: 
1) How to establish initial failure hypothesis. 
2) How to collect the evidence in order to verify the failure hypothesis 
3) How to select appropriate testing methods and analytical techniques in order to 
prove the evidence scientifically. 
4) How to develop the final failure hypothesis and derive the cause of failure based 
on the finding of investigation. 
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5.2 General Flow of Activities 
Figure 5.1 shows a general methodology of forensic engineering investigation 
activities.
Figure 5.1 General methodology of forensic engineering investigation activities 
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5.2.1 Description of General Flow of Activities 
 The general methodology of forensic engineering investigation is divided into 
four stages, i.e., the early stage, evidence collection stage, analysis and confirmation of 
failure hypothesis and conclusion stage. 
 The first step during the early stage is to establish the initial failure hypothesis.  
The failure hypothesis will guide the investigation process.  After establishing the initial 
failure hypothesis, investigators must start to plan the investigation approach by 
considering the way to collect evidence and confirm the failure hypothesis.  In addition, 
the types of testing techniques and associated equipment are identified during this stage. 
 The second stage is evidence collection stage.  In this stage, the investigators are 
advised to go to failure site as soon as possible after the failure happened.  This is to 
avoid any disturbance to the evidence.  Site investigation is a useful investigation 
approach where it comprises visual inspection, eyewitness interviews and sample 
collection.  By carrying out the visual inspection, investigators are able observe the 
failure scene and wreckage which may provide the main evidence of failure.  Normally 
the photograph of the failure scene is taken as photographic evidence.  By eyewitness 
interviews, investigators will understand the actual modes and sequences of failure as 
the eyewitness often provide the valuable evidence to investigators.  Collecting the 
samples which are relevant to the failure is an important step in the evidence collection 
stage and by analysing the sample, important evidence can be obtained. 
 The third stage is analysis and confirmation of failure hypothesis.  Since the 
evidence is collected at second stage, the evidence must be analysed and proved 
scientifically.  There are three approaches recommended in this stage, which include 
analysis and confirmation of failure hypothesis by carrying out testing methods, 
analytical methods and experts interviews. The testing methods consist of field testing 
and laboratory testing.  Field testing involves a series of non-destructive testing and 
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destructive testing which will be carried out on site, the purpose of which is to check the 
actual behaviour of the structure.  Laboratory testing involves some specific tests and are 
normally destructive testing to check the capacity and behaviour of certain components 
of structure.  It may involve chemical analysis, loading test and other associated testing. 
 Analytical method involves design check and computational analysis.  Design 
check includes the review of relevant documents related to the failure.  From the 
document study, the investigators will be more familiar with the case and any 
discrepancies in of the project will be detected.  Computational analysis is a 
recommended approach by using computer engineering software to analyse structure. 
 A supplementary approach to prove the failure hypothesis is by means of 
interviews.  Normally an expert’s opinion can provide valuable explanations to the 
investigators to understand the cause of the failure. 
 After all the analysis work has been done and failure hypothesis is confirmed, the 
last stage is the conclusion stage in which specific conclusions are derived from the 
findings based on the evidence analysed in the investigation. 
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5.3  Activities in Structural Investigation Work 
General guidelines for the main activities involved in forensic structural 
investigation work are described in this section. 
5.3.1 Visual Inspection 
5.3.1.1 Definition of Visual Inspection 
Visual inspection is a preliminary investigation approach in structural forensic 
investigation.  Visual features are often related to workmanship, structural serviceability 
and material deterioration.  The effectiveness of the visual inspection depends on the 
experience and knowledge of the inspectors.  It can be a valuable source of information 
to the well-trained eye. 
5.3.1.2 Purpose of Visual Inspection 
The purposes of the visual inspection are to evaluate the scope and nature of the 
failure.  By carrying out visual inspection, the qualified forensic engineer will be able to 
recognise perishable evidence and its potential value. For those structures having 
sudden damage or collapse, it is necessary to perform the visual inspection immediately 
to avoid the evidence being lost or disturbed as time goes by.  Visual inspection will also 
provide the basis of judgement relating to access and safety requirement when selecting 
test methods and test locations.  The basic features of normal visual inspection and 
sequence of investigation approaches are generally applicable to structural forensic 
investigation.
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5.3.1.3 Methodology of Visual Inspection 
Before the investigators start to carry out the visual inspection on site, it is 
necessary for the investigators to obtained and review construction drawings and other 
pertinent documents to generally become familiar with the facility of site. 
Taking photographs of the observed damage is a very important approach in 
visual inspection, since it will be valuable photographic evidence to the investigators.  
Numerous photographs should be taken of the damage structure; it can be appropriate to 
employ the service of a professional photographer who has the proper equipment for 
long-range and close-up photographs of the site.  Sequential numbering and marking the 
location of the photographs on a site plan sketch may help refresh recollection of where 
the pictures were taken from. 
 Some small tools and equipment as summarised in Table 5.1 can be applied in 
visual inspection. 
Table 5.1 Small Tools and Equipment for Visual Inspection 
Group Types of Tools and Equipment 
Tools Hammer, Screwdrivers, Pry bar, Pocket knife, Flashlight 
Photographic Film, Camera, Lenses, Lens papers 
Clothing Hardhat. Coveralls, Work boots, Gloves 
Stationery Calculation pad, Architect scale, Pencil and leads, Field 
notebooks, triangles, Felt markers, Clipboard 
Other Calculator, Stick-on labels, Wire-on labels, Plastic sample bags, 
Duct tape, Job file, Spray paint, Dictation tapes 
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 After carrying out the visual inspection, the investigators should propose a set of 
written record of observations as outcomes of the investigation.  The record of 
observation should generally contain the following items: 
a) Sketches of the overall failed configuration of the construction. 
b) Observation of behaviour of adjacent construction during and subsequent to 
the failure. 
c) Detailed sketches of critical members and connections. 
d) Observation of deterioration. 
e) Indications of environmental conditions acting on the facility at the time of 
failure. 
5.3.1.4 Standard and References 
 Visual inspection is a subjective and qualitative investigation approach.  The 
effective of the visual inspection depends on the ability of the investigators.  The well-
trained eye will be able to observe and extract valuable information from the visual 
inspection.
 Although there is no standard of practice available for visual inspection, but there 
are general references available for investigators, one of such reference includes the 
Concrete Society Technical Report 22.  In this report, the non- structural cracking due to 
material deterioration is described in detail, from which, the investigators can determine 
what types of the cracking are present. 
 For the weld testing carried out by the visual method, investigators can use BS 
4871, BS 4872, ASTM E94, E142, E390 E1032, E164, E500 and E273 as references. 
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5.3.1.5 Pro-Forma (Standard Inspection Form) for Visual Inspection 
Visual inspection is a subjective investigation approach.  There is no existing
standard format as a reference to record the data observed from visual inspection. 
However for the purpose to record the information systematically, consultant who 
involve in the visual inspection will establish their own Pro-Forma to record the data. 
The following is an example of the Pro- Forma for visual inspection.
Figure 5.2 Pro-Forma for visual inspection 
Code : Representing the location of inspection activities.
Feature : What kinds of problem/ condition have been observed?
Description : Briefly explain the background of the problem, failure
pattern, and effect of the failure to the surrounding area,
   what can be observed from the site.
Severity level (evaluating the problem)
Low Moderate High
Cause : Initial engineering judgement from the inspector
Comment : Recommended from the inspector
Name of the inspector :
Date    : 
Time    : 
Weather condition :
Site Location   : 
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5.3.2 Eyewitness Interview 
5.3.2.1 Definition of Eyewitness Interview 
 Eyewitness interview is a process to obtain information about the failure of 
structures from the witness in order to help in establishes the failure hypothesis.  This 
process can be oral interview or by written interview.  The information obtained from an 
interview should be used to guide the investigators.  By using with other corroborating 
interviews or information, the interview will provide useful evidence.  The interview 
must be structured to elicit reliable information and leading questions must be avoided.  
5.3.2.2 Purpose of Eyewitness Interview 
 Eyewitnesses and other persons with relevant knowledge on the project can 
provide the forensic engineer with information that is essential to a successful 
investigation.  The eyewitness account can be invaluable in formulating hypotheses, 
focusing the investigation, and finally arriving at the most probable cause of the failure. 
 The interviews should be conducted as soon as possible for several reasons: 
a) To capture the recollection while it is fresh. 
b) To minimize the possibility of accounts being influenced by what other people 
saw or believe happened. 
c) To facilitate identifying and locating relevant witnesses. 
d) To assist in formulating hypotheses for investigation. 
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5.3.2.3 Information Sought from Eyewitness Interview 
 Although the specific information that is sought from interviewees will depend 
on the particular project, certain lines of questioning are common to nearly all types of 
failures: 
a) Status of construction at time of collapse.  If the collapse involves a structure 
being constructed, the forensic engineer will probably need to determine the status of the 
construction.  Bearing in mind that the interviewee may have incomplete knowledge 
about the construction, responses should be compared against other accounts and against 
physical evidence. 
b) Sequence of collapse.  Knowing which element, or which area of the structure, 
was the first to fail could help to quickly focus the investigation. However, an 
individual’s perception of the sequence will depend on many factors, such as the speed 
of the collapse.  It is rare that a single individual’s perception of the sequence will be 
fully accurate or provide the complete picture.  In all likelihood, it will be necessary to 
piece together the various accounts into a coherent sequence, weighing the reliability of 
each account. Wherever possible, physical evidence should be sought to confirm or deny 
accounts.
c) Possible triggering events. Most collapses have a triggering event associated with 
them, and identifying it may speed the investigation. Sometimes the trigger is 
conspicuous, such as an errant barge striking a bridge pier; at other times it is subtle, 
such as one more thermal cycle in a fatigue-critical member. 
 i) Activities under way at the time of collapse.  In the case of a structure 
  under construction or being renovated, it will be important to identify 
  exactly what was being done at the time of the collapse.  Person who
  is associated with the project will be the most useful in this regard. 
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 ii) Unusual loading on structure. Was there a collision or other unexpected 
  impact? Was the structure overloaded by material’s storage? Was the 
  occupancy loading unusually high? Eyewitnesses will often be able to 
  offer some insight into these questions. 
 iii) Environmental factors. These are also possible triggering events, such as 
  high winds, snowfall, and other unusual weather-related patterns. Persons 
  present at the site should be able to provide a sense of the role that
  environmental factors may have played, which can be quantified through 
  the use of climatologically data. 
 By carrying out interviews, valuable evidence will be obtained.  There are 
several types of people who may be able to provide useful information. 
 By passer eyewitnesses may be able to provide some information about the 
sequence of the collapse. These witnesses normally will not be familiar with 
construction terminology and so may not be able to express their observations in the 
interviewer’s terms. They also may be difficult to identify, since they have no 
association with the project. 
 Project eyewitnesses are persons associated with the project who saw the 
collapse. Due to their familiarity with construction, these persons will generally be able 
to give a more sophisticated account than a passer by eyewitness. 
 Project personnel are persons associated with the project, but who may no have 
seen the collapse.  These persons may have knowledge about the status of construction, 
activities that were under way, the design or construction of the structure, or other useful 
background information. Examples of this kind of people are including project managers, 
design professionals, and foremen. 
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5.3.2.4 Standard and References 
Forensic structural Engineer Handbook (Robert T. Ratay, 2000) has proposed a 
typical interview question and information related to the eyewitness interview process.
The list of typical interview questions is shown in Figure 5.2. 
Figure 5.3 Typical interview questions and information (Robert, A. Ratay, 2000) 
Time, date, place and duration of interview.
Name of person(s) interviewing and other present.
Indicate whether the interview was tape-recorded.
Date that transcript was typed and by whom.
1. What is your name, who is your employer, what is your position/title,
what are your responsibilities?
2. What is your experience and education?
3. Where were you at the time of collapse?
4. What were your doing?
5. What was the first indication that something was wrong?
a) If it was a sound, describe it. Where did it appear to come
from? How long did it last? What else was going on?
b) If it was a sensation, describe it.
c) If it was visual, describe it. 
d) If you were alerted by someone else, describe. By whom,
where was that person, what did he/she say?
6. What happened next?
7. How much time elapsed from the first indication until collapse?
8. Who else was with you?
9. Did you have any concerns previously?
10. Any rumours?
11. What activities were underway at time of collapse?
12. What was the status of construction at the time of the collapse?
13. What was the weather?
14. Any idea what may have triggered failure?
15. Do you mind if I contact you again if necessary?
16. Will you let me know if you think of anything else that may be
helpful?
Add questions that are tailored to the project and to the type of knowledge that the
interviewee may have. 
100
5.3.3 Sample Collection 
5.3.3.1 Definition of Sample Collection 
 In structural forensic investigation, sample collection is a very important 
investigation approach to collect the evidence.  The samples which are collected can be 
in the group of failed components or the group of non-failed components.  The evidence 
obtained from both group of components play a crucial role in determining the most 
likely cause of the failure and contributing factors.  Some of the evidence is durable and 
will remain reasonably intact over a period of time.  For this type of evidence, it is 
named as non-perishable evidence.  However some of the evidence is of a perishable 
nature and it is necessary that these are quickly documented or collected to avoid any 
disturbance to the evidence.   
5.3.3.2 Purpose of Sample Collection 
 The purpose of sample collection is to preserve the perishable and non-perishable 
evidence correctly without disturbing them.  Failed components can provide valuable 
information about the failure since the failed items are suspected of being associated 
with the initiation or propagation of the failure, so by carrying out investigation or 
testing on the failed components, the cause of failure can be determined.  However the 
non-failed components can be useful for several purposes as follows: 
a) To be uses in a testing program.  Care must be taken to ensure that the selected 
sample was not materially damaged in the collapse; especially when the results 
are to be used as a basis for estimating the strength of similar failed components. 
b) To study their construction. 
c) To study differences between them and compare with failed components.  
d) To exemplify to audiences, particularly non-technical persons, what a typical 
non-failed component looks like or how it functions. 
e) To conclusively show that a certain component did not fail. 
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5.3.3.3 Methodology of Sample Collection 
 Before removal of any sample, it should be labelled and detail of its position and 
condition recorded together with photographs.  After removal, samples must be 
maintained by responsible persons under a chain of possession in order to enable easy 
identification in the future. 
 The limit laboratory testing costs and minimizes destruction of evidence; 
samples should be taken only to establish parameters significant to the investigation.  
Sample removal should be based on the recommended standard.  The number and 
location of samples should be carefully planned and is influenced by a number of factors, 
such as variation from sample to sample, degree of reliability required in result, whether 
there are any explainable trends in test results.  Most often, the selection is based on 
more practical considerations, such as the availability of good samples and on the 
judgement of the investigation. 
 During sample collection, it is necessary to use a systematic labelling scheme in 
order to classify the sample types effectively.  There are several types of the labelling 
system of which three of the most commonly used are the following: 
a) Identity piece-mark system - If the identity of a piece is known, it can be labeled 
with an identity piece mark that is keyed to a drawing. If the original orientation of the 
element is known from its context in the debris, but may be readily apparent, it should 
be marked on the piece, for example, “north flange” or “bottom end”. 
b) Serial piece-mark system - In some cases, the identity of a piece may not be 
known with certainty such a piece should be labeled in this cases with an arbitrary-but 
unique-piece mark. This piece mark is arbitrary in the sense that it conveys no 
information about the identity of the piece; it serves solely as a label to distinguish this 
piece from other pieces. This assigned piece mark must be unique over the entire project. 
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If multiple persons are simultaneously assigning the piece marks, ascribing the person 
initials on the piece mark, such as “JFK-23,” will help in ensuring uniqueness. 
Obviously any information that may be useful in identifying the piece at a future date, 
such as where it was found, should be recorded either directly on the piece or in field 
notes.
c) Match-mark system - Match marking of mating segments can greatly facilitate 
later reconstruction.  Match marking consists of marking both sides of mating segments 
with an identical label. If necessary, a match point can be indicated on the mating ends 
so that they can be reconstructed with the proper relative orientation. When used in 
conjunction with a piece-mark system, the match-mark pairs need only be unique to that 
piece.  For example, “Match 1” may suffice if both segments are already marked with 
the same piece mark.  If used as a stand-alone notation, each pair of match marks must 
be unique over the entire project, so that the marks will not be complication.  
5.3.3.4 Standard and References 
 The number of sample has been established from Statistical Principles in ASTM 
E105 and ASTM E141.  Referring to ASTM standard, the investigators will know how 
many numbers of samples should be taken for investigation.  ASTM also proposes the 
Material specific recommendations as a reference to the investigators. 
,
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5.3.4 Field Testing 
5.3.4.1 Definition of Field Testing 
 Field testing is a series of non-destructive and destructive in-situ testing in order 
to check the actual behaviour of the structure on site.  As the name implies, non-
destructive testing do not cause any damage or disruption to the site. However 
destructive testing are involved by removing limited sections of the building.  By this 
way, the site had been disrupted during testing. 
 Field testing generally falls into two types, there are: 
a) Load testing – It is useful when an undamaged portion of the structure exist and 
is representative of the failed section.  They are particularly useful when the 
structure is severely deteriorated. 
b) In- situ material testing – This type of test is carried out to determine the 
properties and strength of the material used on site. 
5.3.4.2 Purpose of Field Testing 
 The purpose of a series of in-situ testing is to check the actual behaviour of the 
structure on site.  By carrying out the in-situ load test, the static, dynamic and fatigue 
behaviour under load of structural system or components is determined.  However by the 
material testing, the estimating of the in-situ strength and properties of material can be 
determined easily without executing any laboratory testing. 
The other purpose to carry out field testing is to collect and prove the evidence 
scientifically, in order to determine the cause of failure.  
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5.3.4.3 Types of Field Testing 
 There are numerous types of field testing used in structural investigations.  
Outlined below is a brief description of the most commonly field tests used in structural 
investigation work: 
Load Tests
During carrying out the Load Tests, it is necessary to calibrate the equipment before and 
after testing.  In Load Tests, different types of loading are applied, including, such as 
hydraulic jacks, mechanical jacks, air pressure, imposition of water or other heavy 
materials, reciprocating machinery, or impulse loading.  Before the test is conducted, it 
is important to isolate the component or region of the structure that is being tested from 
other structural and non-structural components in orders to accurately obtain its response. 
Safety precautions such as provision of limiting scaffolding that preclude complete 
collapse must be taken to avoid injury.  Detailed examination of the tested element (e.g. 
crack detection) should precede and follow the test. 
Dimensional Measurements
Conventional level survey techniques are employed to measure building topography (as 
in the case of foundation settlements or over-deflection); laser and infrared technology, 
liquid-filled tubes with pressure transducers, high-resolution photogrammetry, and 
satellite methods have been refined to increase the accuracy and ease of data gathering, 
in some cases, over traditional methods. 
Concrete Materials
Rebound methods such as the Windsor Probe is available for estimating the in-situ 
compressive strength of concrete. They are best used to indicate relative strength of 
samples, after which calibrated with compressive strength results taken from cores for a 
particular project. Ultrasonic techniques have also been used to determine concrete 
density, as well as to detect flaws such as cracks. 
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Metal Materials
Most metal testing is done by removing coupons for laboratory testing.  Hardness tests 
can be applied in the field to estimate metal tensile strength. 
Wood Materials
Common wood tests applied in the field are simple methods that involve probing or 
boring into the surface of the wood to estimate its density or to detect deterioration such 
as rot, fungus, or insect infestation. 
Weld Testing
The techniques of testing welds of metal fabrications are standardized by the American 
Welding Society (AWS). Their application requires an inspection specialist. Common 
non-destructive testing methods employed include radiographic, ultrasonic, visual, dye 
penetrant, magnetic particle and eddy current methods. Selection of the best method for 
a particular task depends on the type of discontinuity to be detected, the joint type, and 
the accessibility of the joint. 
Water and Air Penetration, Heat Loss
These tests are most often used to check the capability of building cladding to provide a 
suitable enclosure from natural elements. Water and air penetration tests range from 
simple hose or flood testing to elaborate setups with spray racks and vacuum/pressure 
chambers. Methods are specified by the American Society for Testing and Materials 
(ASTM) and the Architectural Aluminum Manufacturers’ Association (AAMA). 
Infrared thermography has been refined for general use in detecting heat loss. 
Subsurface Investigation
Various non-destructive methods are available to detect conditions below the surface of 
a material such as flaws or embedment. Magnetic “R-meters”, X-ray, and Pulse-echo 
methods are used to detect reinforcing bars or other steel embedded in concrete and 
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masonry. Radiographic, ultrasonic, and eddy current methods are similarly used to 
detect subsurface flaws in metals.
5.3.4.4 Standard and References 
Investigators must give careful consideration to the number of tests and the 
locations at which they are to be conducted.  Some of the American Society for Testing 
and Materials (ASTM) standard for individual tests outline recommendations for such 
methodology. Where no specific guidance is given, the investigators must rely on 
statistical analysis and judgment.
The standard and reference of the common Field Tests in structure investigation 
is summarised at Figure 5.3. 
Figure 5.4 Common field tests in structural investigation
Load tests 
Full-scale load tests ASTM STP 702
 Cladding components  ASTM E997, E998
 Beams and girders  ASTM E529
Floor and flat roofs ASTM E196, E695
 Truss assemblies   ASTM E73, E1080
 General practice   ASTM E575
Dimensional measurements
Conventional level survey
Laser and infrared survey
 Liquid-filled tube
 Photogrammetry
 Satellite methods
Masonry materials
Anchor pullout tests ASTM E754, E488
 Water permeance   ASTM E514,BS 6477
Reference
 (where applicable)Test
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Figure 5.4 Common field tests in structural investigation (continue) 
Concrete materials
 Windsor probe   ASTM C803
Rebound hammer ASTM C805, BS 1881 Part 202
 Ultrasonic testing   BS 1881 Part 203
Tensile snap-off tests 
 Anchor strength   ASTM E488
Metal materials
 Hardness testing-Brinell ASTM A833, E10, A370, E140, BS 240
Hardness testing- Rockwell ASTM E18, BS 891
Hardness testing-Vickers ASTM E92, BS 427
Hardness testing-Knoop ASTM B528, BS 5411 (6)
Weld testing
 Radiographic method  BS 2600
 Ultrasonic method  BS 3923
 Visual method ASTM E94, E142, E390, BS 5289
 Dye penetrant method
 Magnetic particle method
 Eddy current method
Water and air penetration, heat loss, ASTM E283, AAMA A501.2,
and air penetration through curtain walls ASTM E1105, BS4315
Subsurface investigations
 R-meter
 Radiographic   BS 1881 Part205
 X-ray    BS 5566
 Eddy current   BS 5411(3)
Reference
 (where applicable)Test
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5.3.5 Laboratory Testing 
5.3.5.1 Definition of Laboratory Testing 
 A series of laboratory testing are applied to the samples obtained from the failure 
site to check their characteristics and behaviour under certain condition.  The testing 
sample can either be a sample obtained form site or a mock-up imitated in laboratory.  
 There are several types of laboratory testing in structural investigations such as 
components or mock-ups load tests, material testing on concrete, metal, masonry, wood, 
weld inspection, model tests, water and air penetration and scanning electron 
microscopic. 
5.3.5.2 Purpose of Laboratory Testing 
 The main purpose of the laboratory testing is to check the behaviour and 
characteristic of the sample with the more detailed method compared with field testing 
by the assistance of the laboratory equipment.  By using the laboratory equipment, the 
more complex and detailed experiment work can be carried out to the sample in order to 
find the cause of failure. 
 Beside that, by conducting the laboratory testing, a comparison between the 
result of the in-situ testing and the result of the laboratory testing can be carried out.  If 
there are variations between the results, the investigators can carry out the detailed 
analysis for finding the cause of difference.  By this way, investigators will understand 
more of the behaviour of the sample. 
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5.3.5.3 Types of Laboratory Testing 
 There are many types of the laboratory testing in the structural investigation.  
Before planning and conducting of laboratory test, some principles need to follow: 
a) Understand the intent and purpose of the test which are conducted and its 
significance to investigation before implementing it. 
b) Conduct the test by the qualified professional who can testify as to the 
procedures need and the accuracy of results obtained. 
c) Understand the relevant parameters that may cause results to vary from the in-
situ condition.  When variable cannot be established deterministically, consider 
parametric studies or sensitivity analyses to understand the effect of variables. 
d) Choose the number of tested samples to be consistent with the objectives of the 
investigation for level of confidence and type of determination desired. 
e) Check calibration of all components. 
f) Use redundant checks by alternate means of tests methods. 
 Followings are the common laboratory tests in structural investigation: 
Component or Mock-up Load Tests
In Component or Mock-up Load Tests there are many types of loading being applied, 
including hydraulic jacks, mechanical jacks, air pressure, imposition of water or other 
heavy materials, reciprocating machinery, or impulse loading.  Before the test is 
conducted, it is important to isolate the component or region of the structure being tested 
from other structural and non-structural components to accurately obtain its response. 
Safety precautions such as provision of limiting scaffolding that preclude complete 
collapse must be taken to avoid injury.  Tests may be performed on actual samples 
removed from the debris, from laboratory-built mock-ups, or from both. 
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Concrete Materials
Tests include the mechanical properties of compression strength; modulus of elasticity; 
thermal expansion; abrasion resistance; bond, creep, and shrinkage characteristics; and 
tensile strength, flexural strength, shear strength, fatigue strength, and fracture properties.  
Material tests include chemical analyses, petrography analyses, and air content. 
Metal Materials
Tests of mechanical properties include yield strength, tensile strength, shear strength, 
creep, and modulus of elasticity, ductility, elongation, fatigue properties, fracture 
toughness and hardness. Metallographic is used to confirm mechanical characteristics 
and environmental performance. Resistance to corrosion is determined by a number of 
methods. Chemical tests are also standardized. 
Masonry Materials
Masonry prisms, individual units, or mortar and grout materials are tested for 
mechanical properties of compressive, tensile, bond, and shear strength; modulus of 
elasticity; and volume changes caused by temperature, shrinkage, and humidity. Various 
petrography and chemical analyses are performed to ascertain composition. Other tests 
include water absorption, freeze-thaw resistance, efflorescence, and resistance to other 
environmental effects. 
Wood Materials
Wood is an orthotropic material, and its mechanical properties are sensitive to duration 
of load. Mechanical properties tested include compression; shear, tensile, and flexural 
strength; modulus of elasticity; creep; and shrinkage. Microscopic and chemical analyses 
are performed for structure, composition, and resistance to decay. Dimensional stability 
under cyclic changes in moisture content is an important property. 
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Subsurface tests
Various non-destructive methods are available to detect conditions below the surface of 
a material, such as flaws or embedment. Magnetic “R-meters”, X-ray, and pulse-echo 
methods are used to detect reinforcing bars or other steel embedment in concrete and 
masonry. Radiographic, ultrasonic, and eddy current methods are used to detect 
subsurface flaws in metals. 
Weld Testing
The techniques of testing welds of metal fabrications are standardized by the American 
Welding Society (AWS). Their application requires an inspection specialist. Common 
non-destructive testing methods employed include radiographic, ultrasonic, visual, dye 
penetrant, magnetic particle, and eddy current methods. Selection of the best method for 
a particular task depends on the type of discontinuity to be detected, the joint type, and 
the accessibility of the joint. 
Model Tests
Structural model load tests, similar to component testing, are conducted using well-
documented principles of similitude. Boundary layer wind tunnel testing of models is 
now commonly and readily employed to study wind pressures and suctions on building 
frames and cladding, flow directions, effects of wind on pedestrians, and aero elasticity. 
Water and Air Penetration, Heat Loss
These tests are most often used to check the capability of building cladding to provide a 
suitable enclosure from natural elements. Water and air penetration tests range from 
simple hose or flood testing to elaborate setups with spray racks and vacuum/pressure 
chambers. Methods are specified by the American Society for Testing and Materials 
(ASTM) and the Architectural Aluminum Manufacturers’ Association (AAMA). 
Infrared thermography has been refined for general use in detecting heat loss. 
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Scanning Electron Microscope Examination
Scanning Electron Microscope analyses are commonly employed for material
composition studies. 
5.3.5.4 Standard and References 
The standard and reference of the common Laboratory Tests in structure 
investigation is summarised at Figure 5.4. 
Figure 5.5 Common laboratory tests in structural investigation
Component or mock-up load tests
 Wood trusses
 ASTM E1080
Wall, floor, and roof panels ASTM E72
Shear resistance of framed walls ASTM E564
 Window/wall assemblies   ASTM E330
 Data reporting    ASTM E575
 Beam flexural strength   ASTM E529
Concrete materials
Cylinder compressive strength ASTM C873, C39
Modulus of elasticity ASTM C469, C215, BS 1881 (12)
Thermal expansion ASTM C531, BS 6431 (15)
 Bond strength    ASTM C234, BS 1881
 Tensile strength    ASTM C496, BS 5080
Flexural strength ASTM C192, C42, C1018, C293, C78 
      BS 1881 (118)
 Diagonal shear strength
 Fatigue strength
 Fracture characteristics
 Petrography analysis   ASTM C295, BS 6127
Air content ASTM C457, C138, C231, and C173
      BS 1881 (106)
Chemical analysis of cement ASTM Cl14
 Cement content    ASTM C85, BS 4550
 Alkali reactivity    ASTM C289, BS 3473
 Abrasion resistance   ASTM C779, C944, C418
 Absorption    ASTM C642, BS 4574
 Density     ASTM C1040, BS 1881 (107)
Reference
 (where applicable)Test
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Figure 5.5 Common laboratory tests in structural investigation (continue)
Metal materials
 Tensile tests    ASTM E8, BSEN 10002
 Hardness    ASTM E18, BS240
 Compressive testing   ASTM E9, BS5600
 Ductility    ASTM E290, BS58799
 Acoustic emission   ASTM E1139, BS3638
 Metallographic ASTM E807, E7, E112, E2, E883
 Chemical tests    ASTM E60, A751, BS 3748
 Corrosion ASTM E937, BS 5466, BS 3748 
 Elongation    ASTM E8, BS 3894
Fatigue ASTM E647, E812, E468, E467, E466,E 1150, BS 5400 (10)
Masonry materials
Compressive strength of units ASTM E447, C67, BS 5628
 Prism strength    ASTM C349, E447, BS 5628
 Flexural strength ASTM C1072, C348, C67, BS 5628
 Bond strength    ASTM E518, C952, BS 5628
 Shrinkage    ASTM C426
 Mortar strength    BS 4551
 Shear strength    ASTM E519
 Thermal expansion   ASTM C531
 Tensile strength    ASTM C1006, BS 5350
 Water absorption    ASTM C67
 Efflorescence    ASTM C67
 Freeze-thaw resistance   ASTM C67
 Petrography
 Mortar air content   ASTM C1072
 Chemical resistance   ASTM C279
Wood materials
 Compression strength ASTM D2555, D143, BS 5350 (15)
 Flexural strength    ASTM D1037, D198
 Shear strength    ASTM D1037, D198
Tensile strength, modulus of ruptures ASTM D2555
 Creep 
 Shrinkage    BS 1955
 Moisture content
 Durability of adhesives   ASTM D3434
Model tests 
 Structural load tests   ASTM STP 702
Boundary layer wind tunnel tests 
Reference
 (where applicable)Test
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Figure 5.5 Common laboratory tests in structural investigation (continue)
Weld testing
 Radiographic method
 Ultrasonic method
Visual method ASTM E94, E142, E390
 Dye penetrant method   BS 4871, BS 4872
 Magnetic particle method
 Eddy current method
Subsurface investigations
 R-meter
 Radiographic    BS 1881Part 205
 X-ray     BS 5566
 Eddy current    BS 5411 (3)
Water and air penetration
 Window/wall air leakage   ASTM E283
Window/wall water leakage ASTM E3, BS 4315
Scanning electron microscopic examination
Reference
 (where applicable)Test
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5.3.6 Design Check (Document Collection) 
5.3.6.1 Definition of Design Check 
 Document collection and review is usually an ongoing process throughout the 
investigation.  At the outset of the assignment, the investigators attempt to obtain 
pertinent documents regarding the overall design and construction of the facility to 
become generally familiar with the project. 
 The document may be readily obtained or will require perseverance.  The types 
of documents fall into two categories, they are: 
a) Project-specific documents – This type of documents are regarding the history of 
design, construction, modification, operation, and prior investigation of the 
facility in question. 
b) Research documents – This type of documents are regarding the characteristic 
and performance of key systems or element of the facility. 
5.3.6.2 Purpose of Design Check 
 Project documents especially the design drawings are essential to understand not 
only how the structure was built but also how it was maintained and modified over time.  
Without such documents the job is almost impossible for a complex project. 
 Project documents are also essential when the forensic engineer is called upon to 
opine on the procedural causes of the failure in that the documents provide insight into 
the actions of those responsible for the design, construction and operation of the 
structure.
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 Besides that, by carrying out the design check, it can determine the degree of 
conformance of the structural design to applicable standard. 
5.3.6.3 Types of Document Needed to Collect and Check 
 The project documents are reviewed to assist in determining: 
a) The operating condition of the structure such as strength, serviceability or 
process function. 
b) The operating effects acting on the structure such as load and environmental 
conditions.
c) The allocation of responsibilities of various parties for the causes of structure. 
 It was found that, most of the documents are part of the project correspondence 
created during the structure’s design and construction.  The documents which need to be 
collected and reviewed are summarised in Figure 5.5. 
 The sources of the project documents are from: 
a) Architects and engineers involved in original design, modification, or repair of 
structure.
b) Past and present owners or tenants. 
c) General contractor, construction manager and subcontractors for original 
construction, modification, or repair of structure. 
d) Developer of structure. 
e) Construction mortgagee of structure. 
f) Materials or systems suppliers for original construction, modification, or repair 
of structure. 
g) Testing agency involved in original construction, modification, or repair of 
 structure. 
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After the investigators have obtained the documents, detailed analysis, checking
and comparison between the original design and actual construction method should be 
carried out in order to search the factors that contributed to the failure. 
Figure 5.6 Documents used in structural investigation (Kenneth L.Carper, 1989)
Contract drawings (including all revision issues thereof)
Structural (including progress prints)
Architectural (including progress prints)
 Mechanical 
 Electrical 
 Plumbing
 Lighting
Contract specifications
Technical sections of interest
 General conditions
Supplementary general conditions
 Special conditions
Contracts
 Owner/architect
Architect /structural engineer
Contract revisions
Addenda Bulletins
Field directives
 Change orders
Any correspondence authorizing change to the structure from the contract 
 requirements
Shop drawings and other submissions
Structural steel (detail drawings and erection drawings)
Bar joists and prefabricated trusses
 Metal decking
 Reinforcing bar
 Product data
As-built drawings
Consultant Reports
 Feasibility studies
 Progress reports
Soils consultant reports (including boring logs)
Documents Used in Structural Investigation
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Figure 5.6 Documents used in structural investigation (Kenneth 
L.Carper,1989)(continue)
Field and shop reports (including construction photos)
Structural steel inspection laboratory (including weld and bolt inspection)
Concrete inspection laboratory (reinforcing steel, formwork, concrete)
Concrete mix designs
Clerk of the works
Structural engineer
 Architect
Construction supervisor's daily log
Local building inspector
Owner's or developer's field inspectors
Materials Strength Reports or Certification
Concrete compressive strength
Masonry prism strength
Steel mill certificates
Welding procedures (e.g., type of electrodes, required preheat)
Fastener certification
Results of special load tests 
Project correspondence
Owner/ consultant
 Owner/contractor
Consultant /contractor
 Transmittal /records
 In-house memoranda
Records of meeting notes
Records of telephone conversations
Calculations
Primary structural engineer
Reviewing structural engineer
Specific subcontractor's engineers (where required by contract)
Maintenance and modification records
Documents Used in Structural Investigation
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5.3.6.4 Standard and References 
 When the investigators carried out the design check, in other hand, they are 
carrying out checking procedure on determination whether the construction method of 
the structure follows the design standard, so that the design check is closely relative with 
the design standard of the structure.
 When carrying out the design check, the investigators can use the design 
standard of the structure under investigation as the reference.  Sometime at the design 
check stage, computer engineering software has been applied to analyse the structure. 
By this way, the computer codes of the computer engineering software can be the 
reference to the investigators.  
5.3.7 Computational Analysis 
5.3.7.1 Definition of Computational Analysis 
 Computational analysis is an investigation approach by using either hand 
calculation or computer engineering software to analyse the structure.  This is a 
theoretical analysis to check the performance of the structure under serviceability or 
ultimate condition. 
5.3.7.2 Purpose of Computational Analysis 
 The common purposes of performing structural and geotechnical analyses in 
investigations are to determine the causes of failure and to establish the degree of 
conformance of the structural and geotechnical design to applicable standards. 
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 Structural analysis may attempt to determine stress, strain, strength, deflection, 
dynamic response (transient or harmonic), fatigue, fracture, or stability, however 
geotechnical analysis deal with strength, soil pressures, long-term and short-term 
settlements, and slope stability in order to determine limitation and capacity of the 
structure.
5.3.7.3 Methodology of Computational Analysis 
 Computational analysis involves complex calculation to analyse the structure.  
There are two options that can be carried out to do the calculation: 
a) Hand solution (often based on previously performed research). 
b) Computer engineering software with the principle of finite-element or finite 
difference analysis. 
 For calculations to determine the causes of failure, analyses that include 
geometric and material nonlinear behaviors frequently are necessary. Computer codes 
for finite-element and finite-difference analysis, such as ANSYS, LUSAS and 
STAAD.Pro are readily available for these analyses. Secondary stresses from the effects 
of temperature, humidity, creep, shrinkage, foundation settlement, stresses induced 
during construction, and joint eccentricity also need to be considered.  When the overall 
distribution of forces within the structure has been established, the next step is 
determining the resistance of a particular member, connection, or geotechnical element 
by using hand solution or computer engineering software. 
 It is necessary to avoid blind over reliance on complex computer method.  Each 
finite-element analysis should be checked for satisfaction of overall equilibrium and 
should be scrutinized for qualitative response.  Simple and approximate checks by hand 
solution to complex computer models should be made.  Probabilistic reliability analyses 
121
that account for the variation in the parameters the engineer has estimated for strength 
and resistance are common in failure investigation. 
5.3.7.4 Standard and References 
 The reference of the computational analysis by the hand solution is the existing 
engineering formula that is derived to find the engineering properties of the structure 
such as stress, strain, strength, deflection and so on.  However if the computer 
engineering software is used to analysis, then the computer codes for finite-element and 
finite-difference analysis will be the reference. 
5.3.8 Development of Failure Hypothesis 
5.3.8.1 Initial Failure Hypothesis 
 Initial failure hypothesis is a preliminary estimation of failure scenarios and 
mechanisms of the structure.  This hypothesis is developed at early stage in the 
investigation works, initial failure hypothesis is developed based on the preliminary 
evaluation of the finding evidence on site before any detail testing and analytical method 
have been carried out.  The purpose of development of initial failure hypothesis is as a 
guide to the investigators. 
5.3.8.2 Final Failure Hypothesis and conclusion 
 Final failure hypothesis is a final and extract failure scenarios and mechanisms of 
the structure.  The hypothesis had been scientifically confirmed with a series of testing 
and analytical method.  This hypothesis also explains the actual cause of the failure to 
the structure. 
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 In order to establish the cause of failure to certain case, the investigators must do 
two things: 
a) Determine the mode and sequence of failure. 
b) Establish that for the initiating location of failure and for each successive step in 
sequences of failure the demands on the structure (such as loads, environmental 
factors) exceeded its ultimate capacity (strength, stiffness or durability.) 
 Finally based on the proved evidence, the conclusion of the cause of failure can 
be derived. 
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Appendix
GENERAL GUIDELINES: VISUAL INSPECTION
This General Guidelines describes the general procedures for carrying 
the visual inspection activities on the structural forensic investigation. 
Definition of the Visual Inspection
Visual inspection is a preliminary investigation approach in structural forensic 
investigation.  Visual features are often related to workmanship, structural 
serviceability and material deterioration.  The effectiveness of the visual 
inspection depends on the experience and knowledge of the inspectors. It
can be a valuable source of information to the well-trained eye.
Purpose of the Visual Inspection
The purposes of the visual inspection carried out are: 
? To evaluate the scope and nature of the failure. 
? To recognise perishable evidence and its potential value. 
? To provide the basis of judgement relating to access and safety
requirement when selecting test methods and test location. 
The basic features of normal the visual inspection and sequence of 
investigation approaches are generally applicable to structural forensic 
investigation.
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The general methodologies of the Visual Inspection are show as follows: 
1. Before investigation, it is necessary for the investigators to obtained and 
review construction drawings and other pertinent documents to generally 
become familiar with the facility of site. 
2. Collect the photographic evidence by taking photographs of the observed 
damage.
3. Numbering and marking the location of the photographs on a site plan 
sketch in order to refresh recollection of where the pictures were taken 
from.
4. Investigators should propose a set of written record of observations as
outcomes of the visual inspection investigation. The record of 
observation should generally contain the following item:
a) Sketches of the overall failed configuration of the construction. 
b) Observation of behaviour of adjacent construction during and
subsequent to the failure. 
c) Detailed sketches of critical members and connections. 
d) Observation of deterioration. 
e) Indications of environmental conditions acting on the facility at the 
time of failure.
Methodology of the Visual Inspection 
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Visual inspection is a subjective and qualitative investigation approaches. 
The effective of visual inspection depends on the ability of the investigators.
The well-trained eye will be able to observe and extract valuable information
from the visual inspection.
Concrete Society Technical Report 22, related to the visual inspection on 
material deterioration of concrete. In this reference, the non- structural 
cracking due to material deterioration is described in detail. 
Some small tools and equipment can be utilised during Visual Inspection: 
Group Types of Tools and Equipment 
Tools Hammer, Screwdrivers, Pry bar, Pocket knife, Flashlight 
Photographic Film, Camera, Lenses, Lens papers 
Clothing Hardhat. Coveralls, Work boots, Gloves 
Stationery Calculation pad, Architect scale, Pencil and leads, Field
notebooks, triangles, Felt markers, Clipboard 
Other Calculator, Stick-on labels, Wire-on labels, Plastic 
sample bags, Duct tape, Job file, Spray paint, Dictation 
tapes
Standard and reference of the Visual Inspection 
Small tools and equipment of the Visual Inspection 
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Code : Representing the location of inspection activities.
Feature : What kinds of problem/ condition have been observed?
Description : Briefly explain the background of the problem, failure
pattern, and effect of the failure to the surrounding area,
what can be observed from the site. 
Severity level (evaluating the problem)
Low Moderate High
Cause : Initial engineering judgement from the inspector
Comment : Recommended from the inspector
Name of the inspector :
Date    :
Time    :
Weather condition :
Site Location   : 
There is no existing standard format as a reference to record the data 
observed from visual inspection. However for the purpose to record the 
information systematically, consultant who involve in the visual inspection 
will establish their own Pro-Forma to record the data. The following is an 
example of the Pro- Forma for visual inspection. 
Pro-Forma For Visual Inspection 
BS 4871, BS 4872, ASTM E94, E142, E390 E1032, E164, E500 and E273, 
related to the weld testing by using visual method.
Standard and reference of the Visual Inspection 
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GENERAL GUIDELINES: EYEWITNESS INTERVIEW
This General Guidelines describes the general procedures for carrying 
the eyewitness interview activities on the structural forensic
investigation.
Definition of the Eyewitness Interview
Eyewitness interview is a process to obtain information about the failure of 
structures from the witness in order to help in establishes the failure
hypothesis.  This process can be oral interview or by written interview.
The information obtained from an interview should be used to guide the 
investigators. By using with other corroborating interviews or information,
the interview will provide useful evidence.  The interview must be 
structured to elicit reliable information and leading questions must be 
avoided.
Purpose of the Eyewitness Interview
Eyewitness account provides valuable information in formulating 
hypotheses, focusing the investigation, and finally arriving at the most 
probable cause of the failure. 
The interviews should be conducted as soon as possible for several 
reasons:
a) To capture the recollection while it is fresh. 
b) To minimize the possibility of accounts being influenced by what 
other people saw or believe happened. 
c) To facilitate identifying and locating witnesses. 
d) To assist in formulating hypotheses for investigation. 
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Information Sought from Eyewitness Interview
The specific information that is sought from interviewees will depend on the 
particular project; certain lines of questioning are common to nearly all types
of failures: 
a) Status of construction at time of collapse. If the collapse involves a 
structure being constructed, the forensic engineer will probably need to 
determine the status of the construction.  Bearing in mind that the
interviewee may have incomplete knowledge about the construction, 
responses should be compared against other accounts and against
physical evidence. 
b) Sequence of collapse. Knowing which element, or which area of the
structure, was the first to fail could help to quickly focus the 
investigation. However, an individual’s perception of the sequence will 
depend on many factors, such as the speed of the collapse. It is rare that
a single individual’s perception of the sequence will be fully accurate or
provide the complete picture. In all likelihood, it will be necessary to
piece together the various accounts into a coherent sequence, weighing
the reliability of each account. Wherever possible, physical evidence
should be sought to confirm or deny accounts. 
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Information Sought from Eyewitness Interview
c) Possible triggering events. Most collapses have a triggering event
associated with them, and identifying it may speed the investigation.
Sometimes the trigger is conspicuous, such as an errant barge striking a 
bridge pier; at other times it is subtle, such as one more thermal cycle in a 
fatigue-critical member.
i) Activities under way at the time of collapse. In the case of a 
structure under construction or being renovated, it will be 
important to identify exactly what was being done at the time of
the collapse. Person who is associated with the project will be the
most useful in this regard. 
ii)  Unusual loading on structure. Was there a collision or other
unexpected impact? Was the structure overloaded by material’s
storage? Was the occupancy loading unusually high? 
Eyewitnesses will often be able to offer some insight into these
questions.
 iii) Environmental factors. These are also possible triggering events, 
such as high winds, snowfall, and other unusual weather-related
patterns. Persons present at the site should be able to provide a 
   sense of the role that environmental factors may have played, 
   which can be quantified through the use of climatologically data.
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There are several types of people who may be able to provide useful 
information:
1) By passer eyewitnesses – Person who able to provide some information
about the sequence of the collapse. These witnesses normally will not be 
familiar with construction terminology and so may not be able to 
express their observations in the interviewer’s terms. They also may be 
difficult to identify, since they have no association with the project. 
2) Project eyewitnesses - Persons associated with the project that saw the 
collapse. Due to their familiarity with construction, these persons will 
generally be able to give a more sophisticated account than a passer by 
eyewitness.
3) Project personnel - Persons associated with the project, but who may no 
have seen the collapse. These persons may have knowledge about the
status of construction, activities that were under way, the design or 
construction of the structure, or other useful background information.
Examples of this kind of people are including project managers, design 
professionals, and foremen. 
Person Involved in Interview
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Standard and reference of the Eyewitness Interview
GENERAL GUIDELINES: EYEWITNESS INTERVIEW
Time, date, place and duration of interview.
Name of person(s) interviewing and other present.
Indicate whether the interview was tape-recorded.
Date that transcript was typed and by whom.
1. What is your name, who is your employer, what is your position/title,
what are your responsibilities?
2. What is your experience and education?
3. Where were you at the time of collapse?
4. What were your doing?
5. What was the first indication that something was wrong?
a) If it was a sound, describe it. Where did it appear to come from?
How long did it last? What else was going on?
b) If it was a sensation, describe it.
c) If it was visual, describe it. 
d) If you were alerted by someone else, describe. By whom, where was
that person, what did he/she say?
6. What happened next?
7. How much time elapsed from the first indication until collapse?
8. Who else was with you?
9. Did you have any concerns previously?
10. Any rumours?
11. What activities were underway at time of collapse?
12. What was the status of construction at the time of the collapse?
Following is a set of typical interview questions and information related to 
the eyewitness interview process. 
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This General Guidelines describes the general procedures for carrying 
the sample collection activities on the structural forensic investigation. 
Definition of the Sample Collection
In structural forensic investigation, sample collection is a very important
investigation approach to collect the evidence.  The samples which are 
collected can be in the group of failed components or the group of non-failed 
components. The evidence obtained from both group of components play a 
crucial role in determining the most likely cause of the failure and 
contributing factors.  Some of the evidence is durable and will remain
reasonably intact over a period of time. For this type of evidence, it is 
named as non-perishable evidence. However some of the evidence is of a 
perishable nature and it is necessary that these are quickly documented or 
collected to avoid any disturbance to the evidence.
Purpose of the Sample Collection 
The purpose of sample collection is to preserve the perishable and 
non-perishable evidence correctly without disturbing them.  Failed 
components can provide valuable information about the failure since the 
failed items are suspected of being associated with the initiation or
propagation of the failure, so by carrying out investigation or testing on the
failed components, the cause of failure can be determined. However the 
non-failed components can be useful for several purposes as follows:
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a) To be used in a testing program. Care must be taken to ensure that
the selected sample was not materially damaged in the collapse,
especially when the results are to be used as a basis for estimating the 
strength of similar failed components.
b) To study their construction. 
c) To study differences between them and compare with failed 
components.
d) To exemplify to audiences, particularly non-technical persons, what a 
typical non-failed component looks like or how it functions. 
e) To conclusively show that a certain component did not fail. 
Methodology of the Sample Collection 
1) Before removal of any sample, label it and document its position and 
condition with notes and photographs.
2) After removal, samples must be maintained by responsible parties under
a chain of possession that is later traceable to the site. 
3) The limit laboratory testing costs and minimizes destruction of evidence; 
sample should be taken only to establish parameters significant to the 
investigation. Sample removal should be based on recommended
standard.
Purpose of the Sample Collection 
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4) The number and location of samples should be carefully planned and 
will depend on a number of factors, such as variation from sample to 
sample, degree of reliability required in result, whether there are any 
explainable trends in test results. More frequently, the selection is 
based on more practical considerations, such as the availability of good 
samples and on the judgement of the investigation.
5) A systematic labelling system to the sample should be applied. There 
are several types of the labelling systems as shown in follow: 
a) Identity piece-mark system - If the identity of a piece is known, it can be 
labeled with an identity piece mark that is keyed to a drawing. If the 
original orientation of the element is known from its context in the 
debris, but may be readily apparent, it should be marked on the piece, 
for example, “north flange” or “bottom end”. 
b) Serial piece-mark system - The identity of a piece not be known with 
certainty, such a piece should be labelle in this case with an arbitrary-but 
unique-piece mark. This piece mark is arbitrary in the sense that it 
conveys no information about the identity of the piece; it serves solely 
as a label to distinguish this piece from other pieces. 
c) Match-mark system - Match marking of mating segments can greatly 
facilitate later reconstruction. Match marking consists of marking both 
sides of mating segments with an identical label.
Methodology of the Sample Collection 
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The number of sample has been established from Statistical Principles in 
ASTM E105 and ASTM E141. Referring to ASTM standard, the 
investigators will know how many numbers of samples should be taken for 
investigation.  ASTM also proposes the Material specific recommendations
as reference to the investigators.
Standard and reference of the Sample Collection 
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GENERAL GUIDELINES: FIELD TESTING
This General Guidelines describes the general procedures for carrying 
the field testing activities on the structural forensic investigation. 
Definition of the Field Testing
Field testing is a series of non-destructive and destructive in-situ testing in 
order to check the actual behaviour of the structure on site. As the name
implies, non-destructive testing do not cause any damage or disruption to the 
site. However, destructive testing are involved by removing limited sections 
of the building. By this way, the site had been disrupted during testing. 
Field testing generally falls into two types, there are:
a) Load testing – It is useful when an undamaged portion of the structure 
exist and is representative of the failed section. They are particularly 
useful when the structure is severely deteriorated. 
b) In- situ material testing – This type of test is carried out to determine
the properties and strength of the material used on site. 
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Purpose of the Field Testing
The purpose of a series of in-situ testing is to check the actual behaviour of
the structure on site.  By carrying out the in-situ load test, the static,
dynamic and fatigue behaviour under load of structural system or components
is determined. However by the material testing, the estimating of the in-situ
strength and properties of material can be determined easily without
executing any laboratory testing. 
The other purpose to carry out field testing is to collect and prove the
evidence scientifically, in order to determine the cause of failure. 
Types of the Field Testing
There are numerous types of the field testing used in structural investigations.
Outlined below is the brief description of the most commonly field tests used
in structural investigation work: 
Load Tests
During carrying out the Load Tests, it is necessary to calibrate the equipment before and after 
testing.  In Load Tests different types of loading are applied such as hydraulic jacks,
mechanical jacks, air pressure, imposition of water or other heavy materials, reciprocating
machinery, or impulse loading. Before the test is conducted, it is important to isolate the
component or region of the structure that is being tested from other structural and
non-structural components in order to accurately obtain its response. Safety precautions such
as provision of limiting scaffolding that preclude complete collapse must be taken to avoid
injury. Detailed examination of the tested element (e.g. crack detection) should precede and
follow the test. 
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Types of the Field Testing
Dimensional Measurements
Conventional level survey techniques are employed to measure building topography (as in
the case of foundation settlements or over-deflection); laser and infrared technology,
liquid-filled tubes with pressure transducers, high-resolution photogrammetry, and satellite
methods have been refined to increase the accuracy and ease of data gathering, in some cases,
over traditional methods.
Concrete Materials
Rebound methods such as the Windsor Probe is available for estimating the in-situ
compressive strength of concrete. They are best used to indicate relative strength of samples,
after which calibrated with compressive strength results taken from cores for a particular
project. Ultrasonic techniques have also been used to determine concrete density, as well as 
to detect flaws such as cracks.
Metal Materials
Most metal testing is done by removing coupons for laboratory testing. Hardness tests can
be applied in the field to estimate metal tensile strength.
Wood Materials
Common wood tests applied in the field are simple methods that involve probing or boring
into the surface of the wood to estimate its density or to detect deterioration such as rot,
fungus, or insect infestation.
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Weld Testing
The techniques of testing welds of metal fabrications are standardized by the American
Welding Society (AWS). Their application requires an inspection specialist. Common
non-destructive testing methods employed include radiographic, ultrasonic, visual, dye
penetrant, magnetic particle, and eddy current methods. Selection of the best method for a 
particular task depends on the type of discontinuity to be detected, the joint type, and the
accessibility of the joint.
Water and Air Penetration, Heat Loss
These tests are most often used to check the capability of building cladding to provide a 
suitable enclosure from natural elements. Water and air penetration tests range from simple
hose or flood testing to elaborate setups with spray racks and vacuum/pressure chambers.
Methods are specified by the American Society for Testing and Materials (ASTM) and the
Architectural Aluminum Manufacturers’ Association (AAMA). Infrared thermography has
been refined for general use in detecting heat loss.
Subsurface Investigation
Various non-destructive methods are available to detect conditions below the surface of a 
material such as flaws or embedment. Magnetic “R-meters”, X-ray, and Pulse-echo methods
are used to detect reinforcing bars or other steel embedded in concrete and masonry.
Radiographic, ultrasonic, and eddy current methods are used to detect subsurface flaws in
metals.
Types of the Field Testing
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Test
(where applicable)
Load tests        BS 7774, BS EN 60652
 Full-scale load tests     ASTM STP 702
 Cladding components    ASTM E997, E998
 Beams and girders     ASTM E529
 Floor and flat roofs     ASTM E196, E695
 Truss assemblies     ASTM E73, E1080
 General practice     ASTM E575
Dimensional measurements
Conventional level survey
Laser and infrared survey
 Liquid-filled tube
 Photogrammetry
 Satellite methods
Masonry materials
 Anchor pullout tests     ASTM E754, E488
 Water permeance     ASTM E514, BS 6477
Concrete materials
 Windsor probe      ASTM C803
 Rebound hammer     ASTM C805, BS 1881 Part 202
 Ultrasonic testing     BS1881 Part 203
 Tensile snap-off tests    BS 5080
 Anchor strength     ASTM E488
Reference
Investigators must give careful consideration to the number of tests and the 
locations at which they are to be conducted. Some of the American Society 
for Testing and Materials (ASTM) standard for individual tests outline 
recommendations for such methodology. Where no specific guidance is 
given, the investigators must rely on statistical analysis and judgment.
Standard and reference of the Field Testing
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Test
(where applicable)
Metal materials
 Hardness testing-Brinell ASTM A833, E10, A370, E140, BS 240
Hardness testing- Rockwell ASTM E18, BS 891
 Hardness testing-Vickers    ASTM E92, BS 427
 Hardness testing-Knoop    ASTM B528, BS 5411 (16)
Weld testing
 Radiographic method    BS 2600
 Ultrasonic method     BS 3923
 Visual method ASTM E94, E142, E390, BS 5289
 Dye penetrant method
 Magnetic particle method
 Eddy current method
Water and air penetration, heat loss, ASTM E283, AAMA A501.2,
and air penetration through curtain walls ASTM E1105, BS 4315
Subsurface investigations
 R-meter
 Radiographic      BS 1881 Part 205
 X-ray       BS 5566
 Eddy current      BS 5411 (3)
Reference
Standard and reference of the Field Testing
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This General Guidelines describes the general procedures for carrying 
the laboratory testing activities on the structural forensic investigation.
Definition of the Laboratory Testing
A series of laboratory testing are applied to the samples obtained from the 
failure site to check their characteristics and behaviour under certain 
condition. The testing sample can either be a sample obtained from the site
or a mock-up imitated in laboratory.
There are several types of laboratory testing in structural investigations
such as components or mock-ups load tests, material testing on concrete, 
metal, masonry, wood, weld inspection, model tests, water and air penetration 
and scanning electron microscopic.
Purpose of the Laboratory Testing
The main purpose of the laboratory testing is to check the behaviour and 
characteristic of the sample with the more detailed method compared with 
field testing by the assistance of the laboratory equipment. By using the 
laboratory equipment, the more complex and detailed experiment work can be 
carried out to the sample in order to find the cause of failure. 
Beside that, a comparison between the results of the in-situ testing and the
result of the laboratory testing can be carried out. Detailed analysis for
finding the cause of difference of the results can be carried out.
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Types of the Laboratory Testing
There are many types of the laboratory testing in the structural investigation. 
Before planning and conducting of laboratory test, some principles need to 
follow:
a) Understand the intent and purpose of the test which are conducted and 
its significance to investigation before implementing it. 
b) Conduct the test by the qualified professional who can testify as to the 
procedures need and the accuracy of results obtained. 
c) Understand the relevant parameters that may cause results to vary 
from the in-situ condition.  When variable cannot be established 
deterministically, consider parametric studies or sensitivity analyses to
understand the effect of variables. 
d) Choose the number of tested samples to be consistent with the 
objectives of the investigation for level of confidence and type of 
determination desired. 
e) Check calibration of all components.
f) Use redundant checks by alternate means of tests methods.
Followings are the common laboratory tests in structural investigation:
Concrete Materials
Tests include the mechanical properties of compression strength; modulus of elasticity;
thermal expansion; abrasion resistance; bond, creep, and shrinkage characteristics; and tensile
strength, flexural strength, shear strength, fatigue strength, and fracture properties. Material
tests include chemical analyses, petrography analyses, and air content.
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Metal Materials
Tests of mechanical properties include yield strength, tensile strength, shear strength, creep,
and modulus of elasticity, ductility, elongation, fatigue properties, fracture toughness and
hardness. Metallographic is used to confirm mechanical characteristics and environmental
performance. Resistance to corrosion is determined by a number of methods. Chemical tests
are also standardized.
Masonry Materials
Masonry prisms, individual units, or mortar and grout materials are tested for mechanical
properties of compressive, tensile, bond, and shear strength; modulus of elasticity; and
volume changes caused by temperature, shrinkage, and humidity. Various petrography and
chemical analyses are performed to ascertain composition. Other tests include water
absorption, freeze-thaw resistance, efflorescence, and resistance to other environmental 
effects.
Wood Materials
Wood is an orthotropic material, and its mechanical properties are sensitive to duration of
load. Mechanical properties tested include compression; shear, tensile, and flexural strength;
modulus of elasticity; creep; and shrinkage. Microscopic and chemical analyses are 
performed for structure, composition, and resistance to decay. Dimensional stability under
cyclic changes in moisture content is an important property.
Types of the Laboratory Testing
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Component or Mock-up Load Tests
In Component or Mock-up Load Tests there are many types of loading are applied, including
hydraulic jacks, mechanical jacks, air pressure, imposition of water or other heavy materials,
reciprocating machinery, or impulse loading. Before the test is conducted, it is important to 
isolate the component or region of the structure being tested from other structural and
non-structural components to accurately obtain its response. Safety precautions such as
provision of limiting scaffolding that preclude complete collapse must be taken to avoid
injury.  Tests may be performed on actual samples removed from the debris, from
laboratory-built mock-ups, or from both.
Subsurface tests
Various non-destructive methods are available to detect conditions below the surface of a 
material, such as flaws or embedment. Magnetic “R-meters”, X-ray, and pulse-echo methods
are used to detect reinforcing bars or other steel embedment in concrete and masonry.
Radiographic, ultrasonic, and eddy current methods are used to detect subsurface flaws in
metals.
Weld Testing
The techniques of testing welds of metal fabrications are standardized by the American
Welding Society (AWS). Their application requires an inspection specialist. Common
non-destructive testing methods employed include radiographic, ultrasonic, visual, dye
penetrant, magnetic particle, and eddy current methods. Selection of the best method for a
particular task depends on the type of discontinuity to be detected, the joint type, and the
accessibility of the joint.
Types of the Laboratory Testing
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Model Tests
Structural model load tests, similar to component testing, are conducted using
well-documented principles of similitude. Boundary layer wind tunnel testing of models is 
now commonly and readily employed to study wind pressures and suctions on building
frames and cladding, flow directions, effects of wind on pedestrians, and aero elasticity.
Water and Air Penetration, Heat Loss
These tests are most often used to check the capability of building cladding to provide a
suitable enclosure from natural elements. Water and air penetration tests range from simple
hose or flood testing to elaborate setups with spray racks and vacuum/pressure chambers.
Methods are specified by the American Society for Testing and Materials (ASTM) and the
Architectural Aluminum Manufacturers’ Association (AAMA). Infrared thermography has
been refined for general use in detecting heat loss.
Scanning Electron Microscope Examination
Scanning Electron Microscope analyses are commonly employed for material composition
studies.
Types of the Laboratory Testing
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Component or mock-up load tests BS 7774
 Wood trusses       ASTM E1080
 Wall, floor, and roof panels    ASTM E72
Shear resistance of framed walls ASTM E564
 Window/wall assemblies     ASTM E330
 Data reporting       ASTM E575
 Beam flexural strength     ASTM E529
Concrete materials
 Cylinder compressive strength    ASTM C873, C39
 Modulus of elasticity ASTM C469, C215, BS 1881 (12)
 Thermal expansion      ASTM C531, BS 6431 (15)
 Bond strength       ASTM C234, BS 1881
 Tensile strength      ASTM C496, BS 5080
Flexural strength ASTM C192, C42, C1018, C293, C78 
          BS 1881 (118)
 Diagonal shear strength
 Fatigue strength      BS 5400
 Fracture characteristics
 Petrography analysis     ASTM C295, BS 6127
Air content ASTM C457, C138, C231, and C173, BS 1881 (116)
 Chemical analysis of cement    ASTM Cl14
 Cement content      ASTM C85, BS 4550
 Alkali reactivity      ASTM C289, BS 3473
 Abrasion resistance      ASTM C779, C944, C418
 Absorption       ASTM C642, BS 4574
Density ASTM C1040 BS 1881 (107)
Reference
(wh ble)ere applicaTest
Standard and reference of the Laboratory Testing
The standard and reference of the common Laboratory Tests in structure 
investigation is shown as follows: 
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Test
(where applicable)
Metal materials
 Tensile tests      ASTM E8, BS EN 10002
 Hardness       ASTM E18
 Compressive testing     ASTM E9, BS 5600
 Ductility       ASTM E290, BS 5899
 Acoustic emission     ASTM E1139, BS 3638
 Metallographic ASTM E807, E7, E112, E2, E883
 Chemical tests      ASTM E60, A751, BS 3748
 Corrosion       ASTM E937,BS 5466, BS 3748
 Elongation      ASTM E8, BS 3894
 Fatigue ASTM E647, E812, E468, E467, E466,E 1150, BS 5400 (10)
Masonry materials
Compressive strength of units ASTM E447, C67, BS 5628
 Prism strength      ASTM C349, E447, BS 5628
Flexural strength ASTM C1072, C348, C67, BS 5628
 Bond strength      ASTM E518, C952, BS 5628
 Shrinkage       ASTM C426
 Mortar strength     BS 4551, BS EN 998
 Shear strength      ASTM E519, BS EN 1052
 Thermal expansion     ASTM C531,BS EN 1934
 Tensile strength     ASTM C1006, BS 5350
 Water absorption     ASTM C67
 Efflorescence      ASTM C67
 Freeze-thaw resistance    ASTM C67
 Petrography
 Mortar air content     ASTM C1072, BS EN 1015
 Chemical resistance     ASTM C279
Reference
Standard and reference of the Laboratory Testing
GENERAL GUIDELINES: LABORATORY TESTING
152
GENERAL GUIDELINES: LABORATORY TESTING
Standard and reference of the Laboratory Testing
Reference
Test (whe ble)re applica
Wood materials
 Compression strength    ASTM D2555, D143, BS 5350 (15)
 Flexural strength     ASTM D1037, D198
 Shear strength      ASTM D1037, D198
Tensile strength, modulus of ruptures ASTM D2555
 Creep 
 Shrinkage       BS 1955
 Moisture content
 Durability of adhesives    ASTM D3434, BS EN 302
Model tests 
 Structural load tests     ASTM STP 702
Boundary layer wind tunnel tests 
Weld testing
 Radiographic method
 Ultrasonic method
 Visual method    ASTM E94, E142, E390
 Dye penetrant method    BS 4871, BS 4872
 Magnetic particle method
 Eddy current method
Subsurface investigations
 R-meter
 Radiographic      BS 1881 Part 205
 X-ray       BS 5566
 Eddy current      BS 5411 (3)
Water and air penetration
 Window/wall air leakage    ASTM E283
 Window/wall water leakage   ASTM E3, BS 4315
Scanning electron microscopic examination
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This General Guidelines describes the general procedures for carrying 
the design check activities on the structural forensic investigation. 
Definition of the Design Check/ Document Collection
Document collection and review is usually an ongoing process throughout the 
investigation. At the outset of the assignment, the investigators attempts to 
obtain pertinent documents regarding the overall design and construction of 
the facility to become generally familiar with the project.
The document may be readily obtained or will require perseverance.
The types of documents fall into two categories, they are: 
a) Project-specific documents – This type of documents are regarding the 
history of design, construction, modification, operation, and prior 
investigation of the facility in question. 
b) Research documents – This type of documents are regarding the 
characteristic and performance of key systems or element of the
facility.
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Purpose of the Design Check/ Document Collection
Project documents especially the design drawings are essential to understand 
not only how the structure was built but also how it was maintained and
modified over time. Without such documents the job is almost impossible for 
a complex project. 
Project documents are also essential when the forensic engineer is called
upon to opine on the procedural causes of the failure in that the documents
provide insight into the actions of those responsible for the design, 
construction and operation of the structure. 
Besides that, by carrying out the design check, it can determine the 
degree of conformance of the structural design to applicable standard. 
The project documents are reviewed to assist in determining:
a) The operating condition of the structure such as strength, 
serviceability or process function. 
b) The operating effects acting on the structure such as load and 
environmental conditions. 
c) The allocation of responsibilities of various parties for the causes of 
structure.
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The documents which need to be collected and reviewed are shown as follow:
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Contract drawings (including all revision issues thereof)
Structural (including progress prints)
Architectural (including progress prints)
 Mechanical 
 Electrical 
 Plumbing
 Lighting
Contract specifications
Technical sections of interest
 General conditions
Supplementary general conditions
 Special conditions
Contracts
 Owner/architect
Architect /structural engineer
Contract revisions
 Addenda Bulletins
 Field directives
 Change orders
Any correspondence authorizing change to the structure from the contract
 requirements
Shop drawings and other submissions
Structural steel (detail drawings and erection drawings)
Bar joists and prefabricated trusses
 Metal decking
 Reinforcing bar
 Product data
Documents Used in Structural Investigation
Types of Documents Needed to Collect 
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Types of Documents Needed to Collect 
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Field and shop reports (including construction photos)
Structural steel inspection laboratory (including weld and bolt inspection)
Concrete inspection laboratory (reinforcing steel, formwork, concrete)
Concrete mix designs
Clerk of the works
 Structural engineer
 Architect
Construction supervisor's daily log
Local building inspector
Owner's or developer's field inspectors
Materials Strength Reports or Certification
Concrete compressive strength
Masonry prism strength
 Steel mill certificates
Welding procedures (e.g., type of electrodes, required preheat)
 Fastener certification
Results of special load tests 
Project correspondence
 Owner/ consultant
 Owner/contractor
 Consultant /contractor
 Transmittal /records
 In-house memoranda
Records of meeting notes
Records of telephone conversations
Calculations
Primary structural engineer
Reviewing structural engineer
Specific subcontractor's engineers (where required by contract)
Maintenance and modification records
Documents Used in Structural Investigation
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Sources of the project documents
GENERAL GUIDELINES: DESIGN CHECK 
The sources of the project documents are from:
a) Architects and engineers involved in original design, modification, or 
repair of structure. 
b) Past and present owners or tenants. 
c) General contractor, construction manager and subcontractors for 
original construction, modification, or repair of structure. 
d) Developer of structure. 
e) Construction mortgagee of structure. 
f) Materials or systems suppliers for original construction, modification,
or repair of structure. 
g) Testing agency involved in original construction, modification, or 
  repair of structure.
After obtained the documents, detailed analysis, checking and comparison
between the original design and actual construction method should be carried 
out in order to search the factors that contributed to the failure.
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Standard and reference of the Design Check
GENERAL GUIDELINES: DESIGN CHECK 
When the investigators carried out the design check, in other hand, they are 
carrying out checking procedure on determination whether the construction 
method of the structure follows the design standard, so that the design check 
is closely relative with the design standard of the structural. 
When carrying out the design check, the investigators can use the design 
standard of the structure under investigation as the reference. Sometime at 
the design check stage, computer engineering software has been applied to 
analyse the structure. By this way, the computer codes of the computer 
engineering software can be the reference to the investigators.
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GENERAL GUIDELINES: COMPUTATIONAL ANALYSIS
This General Guidelines describes the general procedures for carrying 
the computational analysis activities on the structural forensic
investigation.
Definition of the Computational Analysis
Computational analysis is an investigation approach by using either hand 
calculation or computer engineering software to analyse the structure. This
is a theoretical analysis to check the performance of the structure under
serviceability or ultimate condition. 
Purpose of the Computational Analysis
The common purposes of performing structural and geotechnical analyses in 
investigations are to determine the causes of failure and to establish the 
degree of conformance of the structural and geotechnical design to 
applicable standards. 
Structural analysis may attempt to determine stress, strain, strength, 
deflection, dynamic response (transient or harmonic), fatigue, fracture, or 
stability, however geotechnical analysis deal with strength, soil pressures,
long-term and short-term settlements, and slope stability in order to 
determine limitation and capacity of the structure.
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Computational analysis involves complex calculation to analyse the structure. 
There are two options that can be carried out to do the calculation: 
a) Hand solution (often based on previously performed research). 
b) Computer engineering software with the principle of finite-element or 
finite difference analysis.
For calculations to determine the causes of failure, analyses that include 
geometric and material nonlinear behaviors frequently are necessary.
Computer codes for finite-element and finite-difference analysis, such as 
ANSYS, LUSAS and STAAD.Pro are readily available for these analyses.
Secondary stresses from the effects of temperature, humidity, creep, 
shrinkage, foundation settlement, stresses induced during construction, and 
joint eccentricity also need to be considered. When the overall distribution
of forces within the structure has been established, the next step is 
determining the resistance of a particular member, connection, or 
geotechnical element by using hand solution or computer engineering
software.
It is necessary to avoid blind over reliance on complex computer method.
Each finite-element analysis should be checked for satisfaction of overall 
equilibrium and should be scrutinized for qualitative response. Simple and 
approximate checks by hand solution to complex computer models should be 
made.  Probabilistic reliability analyses that account for the variation in the 
parameters the engineer has estimated for strength and resistance are common
in failure investigation.
Methodology of the Computational Analysis
GENERAL GUIDELINES: COMPUTATIONAL ANALYSIS
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The reference of the computational analysis by the hand solution are the 
existing engineering formula that is derived to find the engineering 
properties of the structure such as stress, strain, strength, deflection and so 
on. However if the computer engineering software is used to analysis, then 
the computer codes for finite-element and finite-difference analysis will be 
the reference. 
Standard and reference of the Computational Analysis
GENERAL GUIDELINES: COMPUTATIONAL ANALYSIS
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Development of Failure Hypothesis 
Initial Failure Hypothesis
Initial failure hypothesis is a preliminary estimation of failure scenarios and 
mechanisms of the structure. This hypothesis is developed at early stage in 
the investigation works, initial failure hypothesis is developed based on the 
preliminary evaluation of the finding evidence on site before any detail 
testing and analytical method have been carried out.  The purpose of 
development of initial failure hypothesis is as a guide to the investigators. 
Final Failure Hypothesis and Conclusion 
Final failure hypothesis is a final and exact failure scenarios and mechanisms
of the structure. The hypothesis had been scientifically confirmed with a 
series of testing and analytical method.  This hypothesis also explains the
actual cause of the failure to the structure.
In order to establish the cause of failure to certain case, the investigators
must do two things: 
a) Determine the mode and sequence of failure. 
b) Establish that for the initiating location of failure and for each 
successive step in sequences of failure the demands on the structure 
(such as loads, environmental factors) exceeded its ultimate capacity
(strength, stiffness or durability.)
Finally based on the proved evidence, the conclusion of the cause of 
failure can be derived. 
